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 i 
Abstract 
 
The results reported in this thesis were obtained in a research programme that 
employed the surface sensitive optical probe reflection anisotropy spectroscopy 
(RAS) and related techniques to investigate conformational change associated with 
electron transfer processes in the protein cytochrome P450 reductase (CPR) 
adsorbed onto the Au(110)/electrode interface.  
 It was found that controlling the adsorption of an ordered layer of CPR on 
the Au(110) surface is difficult and far more complex than first expected. In order to 
understand the adsorption process further an extensive investigation using quartz 
crystal microbalance with dissipation (QCM-D) was carried out. The results of the 
QCM-D experiments established that the conditions necessary for the adsorption of 
a monolayer of CPR are extremely sensitive to protein concentration and buffer pH. 
This was a crucial step in the research which allowed the preparation of adsorbed 
ordered monolayers of CPR on Au(110)/electrode interfaces. 
 The RA spectral signatures of a monolayer and bilayer of CPR adsorbed on 
the Au(110) surface have been identified and are reported in this thesis. Using 
azimuthal dependent reflection anisotropy spectroscopy (ADRAS) it was shown that 
a monolayer of adsorbed CPR aligns along one of the principle axis of the Au(110) 
surface.  
RAS investigations of the effect of inducing electron transfer processes in an 
adsorbed monolayer of CPR by stepping the applied electrode potential reveal 
changes in RA spectral shape and intensity which may be associated with 
conformational events in the adsorbed CPR. The RA spectra produced as a function 
of applied potential show that the adsorption of a monolayer of CPR impedes the 
Au(110) surface reconstruction from a (13) to the anion induced (11) structures. 
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Chapter 1 
 
 
Introduction 
 
 
This chapter describes the aims of this thesis and the importance of the work 
presented. It also introduces the reader to the biological importance of Cytochrome 
P450 reductase (CPR). The chapter also gives an outline of the content of this thesis. 
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1.1 Introduction 
 
Our knowledge and understanding of the world around us, is driven by mankind’s 
desire to find the answer to the question, how? Although potentially such a simple 
question the answers are often remarkably complex and extremely difficult to 
uncover. 
 Over the last century advancements in science have not only improved our 
understanding of the universe but have lead directly to developments in technology 
that have revolutionised our way of life. Nuclear fission provides reliable energy for 
millions, whilst improvements in diagnostics and treatments of diseases mean we are 
living longer healthier lives. The development of semiconductor materials which, 
gave rise to computer chip, played a crucial role in the continued relentless pace at 
which new technologies are being developed. The recent observation of the elusive 
Higgs boson at CERN highlights the extraordinary developments in physical 
sciences over the last hundred years or so. 
 Despite the huge advancements in our understanding of many aspects of the 
universe, the complexity and reproducibility with which biological systems function 
is far from being fully understood. Surface science techniques which were originally 
developed to probe the physics and chemistry of surfaces have become particularly 
useful to biologists as they seek to understand biological interactions on molecular 
length scales. Interest in experimental surface science took off after the development 
of Ultra High Vacuum (UHV) techniques which enabled techniques such as X-Ray 
Photoelectron Spectroscopy (XPS), Low Energy Electron Diffraction (LEED) and 
Scanning Tunnelling Microscopy (STM) to provide information on the properties of 
surfaces by exploiting the short mean free path of electrons [1]. Optical probes such 
as Reflection Anisotropy Spectroscopy (RAS) have been used to study biological 
molecules in UHV environments [2-4]. However it is desirable to study biological 
molecules in a liquid environment, in order to observe their natural functional 
activity. RAS is also capable of operation in ambient and electrochemical 
environments which has lead to RAS investigations of the adsorption of biological 
molecules at the Au(110)/liquid interface [5-16]. The work in this thesis is directed 
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at exploiting the sensitivity of the RAS technique to monitor conformational events 
in the protein NADPH-cytochrome P450 reductase (CPR) adsorbed at the 
metal/liquid interface.  
 
 
Figure 1.1: Molecular graphics ribbon diagram representation for the structure of the 
78 kDa enzyme cytochrome P450 reductase. The Pro-499 residue that was targeted 
by site directed mutangenisis to produce the P499C variant is shown by the red 
sphere. The FMN-binding domain is shown in purple, the connecting domain in 
orange, and the FAD/NADP-domain in blue. The FAD and FMN cofactors are 
shown as green sticks. The position of the ‘hinge’ connecting the FMN-binding 
domain to the rest of the structure, which is not shown in the diagram, is represented 
by the dashed blue arrow. 
 
 CPR is an important mammalian enzyme which catalyzes electron transfer 
between, the two electron donor Nicotinamide adenine dinucleotide phosphate 
(NADPH) and cytochrome P450 enzymes [17] (figure 1.1). Cytochrome P450 are 
part of a superfamily of enzymes that play an important role in the metabolism of 
endogenous compounds including fatty acids, steroids and postaglandins, which are 
fundamental in drug metabolism and xenobiotics [18]. As a result of this importance 
in drug metabolism research in CPR function has closely paralleled that of drug 
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metabolism and development [19]. CPR plays a vital role in the electron transfer 
chain and research into the electron transfer process from NADPH to these heme 
containing enzymes is of great interest and importance. 
CPR facilitates the transfer of electrons from NADPH via its two flavin 
cofactors, flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD), 
which are oxidised and reduced as part of the natural catalytic cycle [18]. The 
isoalloxazine ring is a tricyclic heteronuclear organic ring (figure 1.2) found in each 
flavin cofactor and it facilitates the redox activity of the flavins [20]. Each flavin 
cofactor possesses three oxidation states: oxidised quinine, 1-electron reduced 
semi-quinone and 2-electron reduced hydroquinone. Consequently CPR possesses 
redox states as shown in table 1.1. 
 
Oxidised 1e
-
 reduced 2e
-
 reduced 3e
-
 reduced 4e
-
 reduced 
FMN 
FAD 
FMN 
FADH• 
FMNH• 
FADH• 
FMNH• 
FADH2 
FMNH2 
FADH2 
 FMNH• 
FAD 
FMN 
FADH2 
FMNH2 
FADH• 
 
  FMNH2 
FAD 
  
 Table 1.1: Shows the different possible redox states of the mutant P499C full length 
CPR and the possible sites for the electron, denoted by; . 
 
N
N
N
N
R
O
O
H
N
N
N
N
R
O
O
H
H
N
N
N
N
R
O
O
H
H
H
N
N
N
N
R
O
O
H
H
e- H+
e- H+
 
Figure 1.2: Diagram showing the structure of the isoalloxazine ring.  
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 CPR is modular in construction comprising two distinct domains, the FMN 
and the FAD/NADP-domain, with the two domains joined by a linker region, the 
purpose of which is expected to be predominantly structural. Each domain is bound 
to one of the flavin cofactors, with CPR being one of only four mammalian proteins 
known to contain both FMN and FAD in a single polypeptide chain [17]. The two 
domains appear ideally located in close proximity to allow interflavin electron 
transfer, although this conformation is far less suitable for the subsequent electron 
transfer to large cytochrome P450 proteins. Therefore the crystallographic structure 
of CPR suggests that the enzyme is dynamic and that domain motion is crucial to the 
electron transfer process. The FMN domain is joined to the rest of the protein via a 
‘hinge’ like structure of 13 residues which is expected to be flexible, further 
implying that CPR is a dynamic molecule [21].   
There has been extensive analysis of electron transfer in CPR with 
interflavin electron transfer monitored using stopped-flow techniques where 
oxidised CPR was reduced by anaerobically mixing with excess NADPH whilst 
monitoring changes in the absorbance spectrum at 450 nm and 600 nm. These 
wavelengths are indicative of flavin reduction and the presence of the blue 
di-semiquinone species respectively [18]. Further experimental evidence supporting 
the importance of domain motion in CPR function was observed in 
temperature-jump relaxation experiments where, after the viscosity of the solution 
was increased by the addition of high concentrations of glycerol, the rate of 
interflavin electron transfer was drastically reduced [22]. A significant decrease in 
the electron transfer rate was also observed after the deletion of several amino acids 
in the flexible ‘hinge’ that connects the FMN-binding domain to the rest of the 
protein in a further study [23]. Other techniques such as small-angle X-ray scattering 
(SAXS) and pulsed electron-electron double resonance (ELDOR) [21,24] 
spectroscopy have also been used to study CPR. SAXS studies revealed that reduced 
and oxidised CPR have different overall shapes [21]. Whilst ELDOR spectroscopy 
of two-electron reduced CPR was used to measure distances between the FAD and 
FMN centres, which identified multiple conformations of CPR, suggesting a rugged 
energy landscape for domain motion [24].  
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 Despite the strong evidence for domain motion coupled to CPR function, 
direct observation of domain motion and its timescale is challenging, and there are a 
wide range of timescales from picoseconds to seconds depending on the mass of the 
molecule and the environment. The aim of this thesis is to utilise the sensitivity and 
accuracy of the RAS technique to monitor dynamic properties of engineered CPR 
molecules adsorbed in a monolayer coverage at the Au(110)/electrolyte interface. 
The RAS technique has the potential to measure real time conformational change in 
CPR associated with electron transfer processes. In order to allow controlled 
adsorption of CPR molecules onto the Au(110) surface mutant CPR molecules were 
engineered which contained a surface exposed cysteine residue in the location 
shown in figure 1.1. Cysteine is known to form a strong covalent bond between the 
thiol group and the Au(110) surface [5,14,25]. The position of the cysteine residue 
was selected, after studying the crystallographic structure of CPR, to optimise the 
potential of observing domain motion with RAS after studying the crystallographic 
structure of CPR. Two forms of CPR have been investigated: full length CPR as 
shown in figure 1.1 and a truncated form of CPR containing the isolated FAD 
domain only as shown in figure 1.3. 
 
 
Figure 1.3: Molecular graphics ribbon diagram representation for the structure of 
isolated FAD domain(purple) and the connecting domain (yellow). Diagram also 
shows the Pro-499 residue that was targeted by site directed mutagenesis to produce 
the P499C variant (red sphere). 
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1.2 Thesis Structure 
 
There now follows a brief description of the thesis structure with a breakdown of 
what is discussed in each chapter of the thesis. 
 
Chapter 2: Experimental Apparatus and Theory 
The RAS technique is introduced along with a detailed description of each of the 
instrument components and its layout. This is followed by a theoretical analysis of 
the passage of light through the system. The newly developed rapid RAS instrument 
is also introduced which uses a 32 channel enhanced photodiode array to collect 
spectra in parallel. The electrochemical cell and the solid/liquid interface at 
electrode surfaces is also described. 
 The quartz crystal microbalance with dissipation (QCM-D) technique is 
introduced along with a detailed description of its development from the quartz 
crystal microbalance (QCM) instrument and a review of previous QCM-D 
experiments on biological molecules.  
 
Chapter 3: The Au(110) Surface   
The Au(110) surface has been used as the substrate in all RAS and rapid RAS 
experiments reported in this thesis. Therefore this chapter provides a summary of 
previous work on this surface including a detailed discussion of the tendency of the 
Au(110) surface to adopt a (11), (12) or (13) surface structures depending on 
it’s environment. Previous work which established the RA spectral signatures of all 
three reconstructions and explored the behaviour of the Au(110) surface under and 
electrochemical environment is also described. This chapter concludes with a 
detailed review of previous RAS studies of molecules adsorbed onto the Au(110) 
surface.  
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Chapter 4: Preliminary Studies of Protein Adsorption at the 
Au(110)/Electrolyte Interface 
RAS has been used to monitor the adsorption of several biological molecules on the 
Au(110) surface in previous work. In this chapter the same techniques of adsorption 
are used in an attempt to adsorb a monolayer of CPR onto the Au(110) surface. This 
chapter discusses changes in the RA spectrum of Au(110) as a result of the 
adsorption of CPR, and also establishes a technique to monitor the RAS intensity as 
a function of repeated electron transfer processes. 
 
Chapter 5: Controlling the Formation of a Monolayer of Cytochrome P450 
Reductase onto the Au(110) Surface 
QCM-D is used to study the adsorption of CPR onto polycrystalline Au coated 
quartz crystals. The effect of protein concentration and solution pH on adsorbed 
coverage and layer thickness is investigated and the conditions for both monolayer 
and bilayer adsorption of P499C CPR and truncated isolated FAD are established. A 
supplementary investigation of layer thickness and the order and structure of the 
adsorbed CPR molecules was carried out using Atomic Force Microscopy (AFM). 
Autocorrelation analysis of both monolayer and bilayer coverage of P499C CPR on 
polycrystalline Au surface has also been discussed.  
 
Chapter 6: RA Spectra of Monolayer and Bilayer Adsorption of P499C 
Truncated FAD and Full Length CPR Molecules 
The condition for monolayer and bilayer adsorption of both CPR and isolated FAD 
established in chapter 5 were replicated in RAS experiments. The RA spectral 
signatures of a monolayer and bilayer coverage of P499C full length CPR and 
isolated FAD are established. Rapid RAS data produced during the adsorption of 
full length CPR is discussed and information on the orientation of the adsorbed CPR 
molecules is produced after monitoring the RAS intensity as a function of angular 
variation.  
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Chapter 7: Measuring Conformational Change in a Monolayer of P499C Full 
Length CPR Adsorbed on the Au(110) surface  
In this chapter the RAS intensity at key energies is monitored as the applied 
electrode potential is stepped between redox potentials of mutant full length CPR. 
The changes in RAS intensity as a function of the applied potential is expected to 
reveal evidence of conformational events in CPR as a function of electron transfer 
processes.  
 
Chapter 8: Further Investigation and Analysis of CPR Adsorbed at the 
Au(110)/Electrolyte Interface  
After the investigation of the effect of applied potential on RAS intensity in chapter 
7, this chapter utilises a variety of different techniques to induce conformational 
events in CPR, whilst attempting to minimise the RAS contribution from the 
Au(110) substrate. RAS data was compared to ultra violet-visible (UV-Vis) 
absorbance spectra produced from oxidised and reduced CPR in solution, and RA 
spectra are simulated to try and establish the RA contribution from the adsorbed 
CPR molecules as a function of redox potential. 
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Chapter 2  
 
 
Experimental Apparatus and 
Theory 
 
 
The objective of this chapter is to describe the experimental apparatus and theory 
that has been used during this research to the reader. 
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2.1 Reflection Anisotropy Spectroscopy 
 
Reflection Anisotropy Spectroscopy (RAS) is an optical probe of surfaces developed 
from the similar technique Spectroscopic Ellipsometry (SE) [1,2]. RAS is a non-
destructive technique which can be used to probe the surfaces of many bulk crystals 
in a range of environments. The surface sensitivity of the RAS technique is achieved 
by measuring the difference in reflectance (∆r) of normal incidence plane polarised 
light between two orthogonal directions in the surface plane (x, y) normalised to the 
mean reflectance (r): 
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where rx and ry are complex Fresnel reflection amplitudes in the two surface plane 
directions x and y, respectively.  
The response from the bulk crystal usually dominates the response of optical 
techniques due to the probe light being able to penetrate many atomic layers, 
however the RAS signal arising from the isotropic bulk of a crystal structure at 
normal incidence cancels due to symmetry, leaving the reflected signal solely arising 
from the anisotropic surface structure.  
The majority of surface sensitive techniques gain surface sensitivity by 
exploiting the short mean free path of electrons and this also restricts these 
techniques to an ultra high vacuum (UHV) environment. The development of the 
RAS technique highlights an advantage of using optical probe techniques as they are 
able to operate in environments consisting of any optically transparent medium. This 
advantage has enabled RAS to bridge the gap between UHV and non-UHV 
techniques and has also opened up the solid/liquid interface for investigation 
specifically under electrochemical conditions. 
RAS is highly sensitive to surface structure and has been successfully used to 
monitor changes in the surface structure. Originally developed from SE and Circular 
Dichroism (CD) the first RAS kits were used to monitor semiconductor growth by 
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Aspnes et al. [3]. The ability of RAS to work in both UHV and ambient conditions 
has facilitated many studies in the last three decades.  
 
 
Figure 2.1: Schematic of the basic components of the RA Spectrometer. Reproduced 
from [6]. 
 
2.1.1 RA Spectrometer and its Components 
 
RAS, originally known as Reflection Difference Spectroscopy (RDS), was 
developed in the 1980’s by Aspnes et al. [4] and originally created as a real-time 
monitor of III-IV semiconductor growth at near atmospheric pressure [5]. RAS and 
SE instruments share several components and a similar experimental set up. 
However a significant difference between the two techniques is that SE monitors the 
reflection of light incident near to the Brewster angle [3] whereas RAS monitors 
light at near normal incidence (≤ 5˚). RAS has been successfully applied to study 
metal surfaces in UHV and air [6], the metal/liquid interface within an 
electrochemical environment [7] and the study of the adsorption of biological 
molecules onto electrode surfaces [8-12]. The individual components of an RA 
spectrometer can be seen in the schematic in figure 2.1. Each of the components are 
described in the order in which light passes through the system. Please note that 
mirrors are used to facilitate and enhance the position and focal length of light, the 
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mirrors, not shown in figure 2.1 are positioned before and after both the polariser 
and the analyser.  
 
Xenon Lamp 
The 75 Watt Super Quiet 9 short arc xenon discharge lamp (Hamamatsu) provides 
the necessary high intensity broad band light source for the spectrometer to function. 
The lamp is used in conjunction with a stabilised power supply (Hamamatsu C4621-
02) which minimises fluctuations from the mains supply. Radiated light is generated 
by an arc discharge when high voltages are applied across the anode to the high 
performance cathode in a xenon gas environment. The light satisfies the 
requirements of the RA Spectrometer by providing a continuous steady output of 
light between the infrared (IR) and ultraviolet (UV) (1.5 – 5.5 eV) in the 
electromagnetic spectrum. For the first hour after power up the xenon gas pressure 
in the lamp can vary, preventing thermal equilibrium and therefore maximum 
radiant intensity to be reached. To ensure maximum and unchanged photon flux 
experiments only begin at least 1 hour after the lamp is switched on.  
 
Mirrors 
The mirrors have two main purposes in the RAS instrument. The first is to produce a 
parallel beam of focused light emitted from the xenon lamp. The second is to aid in 
ensuring as much light as possible reaches the detector, by introducing an 
astigmatism, which shapes the reflected light beam from the sample surface, into a 
narrow ellipse which is focused into the narrow entrance slit of the monochromator, 
thus reducing the amount of light lost. The mirrors used are front coated UV 
enhanced aluminium on glass, with a thin silica coating to prevent mechanical 
abrasion. 
 
Polariser 
The difference between the intensities of the reflections rx and ry in the x and y 
direction are typically very small. As a result the polariser and analyser must have a 
high extinction ratio >10
5
, therefore prism type polarisers are used. Rochon and 
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Wollaston beam splitting type polariser and Glan prism polarisers, which separate 
the two polarised beam by total internal reflection, have been considered. Prism 
polarisers are commonly made of three different prism materials, calcite, quartz and 
magnesium fluoride. Calcite prisms cover the spectral range from IR to 300 nm 
while quartz extends this range to 200 nm and magnesium fluoride prisms can 
extend this to even shorter wavelengths into the UV. Glan prisms are advantageous 
in UHV conditions as there is only one beam emerging, meaning there is less 
restrictions on the location of components, with the two beams it is important to 
ensure they do not overlap, which can require larger distance between components. 
The RAS instrument that has been used in this thesis uses a Rochon type polariser, 
consisting of two attached quartz prisms that separate the ordinary and extraordinary 
polarised beams which are polarised perpendicular to each other, as it covers the full 
spectral range of interest in this thesis. A consequence of using Rochon type quartz 
polariser means that care must be taken to ensure the two emerging beam from the 
polariser do not overlap. 
 
Low Strain Window 
At the front of the electrochemical cell is a silica low strain window. Polarised light 
exiting the Rochon prism will pass through this window prior to interacting with the 
sample in the electrochemical cell. The window possesses a small inhomogeneous 
birefringence which will add a small contribution to the RAS signal. The spectrum 
of the window can be removed by subtracting it from all raw experimental data. 
 
Photoelastic Modulator 
Essentially the photoelastic Modulator (PEM) is a tuneable wave-plate, which, by 
manipulation of stress induced birefringence is capable of modulating the 
polarisation ellipse of light reflected from the sample, making it possible to collect 
both the real and imaginary parts of the waveform.  
This is achieved by driving a quartz piezoelectric transducer coupled to a 
fused silica optical element at 50 kHz, the natural resonant frequency of the crystal, 
thus causing an oscillating birefringence. The reflected light can be considered as 
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having two orthonormal components linearly polarised parallel and perpendicular to 
the modulating axis. The induced oscillating birefringence introduces a phase 
difference, know as a retardation (Γ), between these two components. Light linearly 
polarised parallel to the modulation axis travels faster than the perpendicular 
component when the fused silica is compressed. Alternatively when the fused silica 
is stretched, the parallel component travels slower than the perpendicular 
component, which remains unchanged in each case. 
This is a key component in the RAS instrument as elliptically polarised light 
from the sample surface will be phase modulated depending on the polarisation but 
linearly polarised light from the sample bulk will remain linearly polarised as it 
passes through the PEM as the intensity of the light is equal in all phases. The model 
used in this thesis is a Hinds Instrument Inc; PEM Quartz 90. 
 
Analyser 
The analyser, which is of the same design as the polariser, is used to covert the 
phase modulated signal from the PEM into an amplitude modulated signal which 
can be detected. The analyser is orientated at an angle of 45˚, with respect to the 
polariser, to produce a modulated signal switching between two linearly polarised 
states. 
  
Monochromator 
To obtain an RA Spectrum a monochromator with a computer controlled grating 
angle is required to split the light from the analyser into its constituent wavelengths. 
A Jobin Yvon monochromator (H10), consisting of a holographic grating with 1200 
grooves mm
-1 
with a working spectral range of 1.5 to 6.2 eV is ideal for this purpose. 
 
Detector 
To measure the intensity of light a Hamamatsu multi alkali cathode photomultiplier 
tube (PMT) (Hamamatsu R955) is positioned immediately after the exit slit of the 
monochromator. The modulated waveform of light entering the PMT is converted 
into a small current, which is then amplified as the current is typically in the order of 
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nanoamps. The amplified signal is then converted into a voltage relative to the initial 
intensity of the incoming light. The signal consist of two components, an AC 
component, related to the anisotropy of the sample surface, which is superimposed 
onto a DC offset component, which relates to the reflectivity. The two components 
need to be separated, which requires the use of a lock in amplifier. 
Other detectors that could be considered are Si photodiodes, however they do 
not function into the UV spectral range without the application of an appropriate 
coating to convert UV photons for detection within the visible range. This process 
causes a decrease in sensitivity in the visible range and ultimately the PMT was 
chosen as the preferred detector for this instrument 
 
Lock-In Amplifier 
A lock-in amplifier is used to analyse the resulting AC and DC signals produced 
from the PMT. An EG&G 5210 (dual phase) lock-in amplifier manufactured by 
PerkinElmer Instruments, which operates at a frequency range of 0 – 120 kHz, is 
used in the RAS instrument. To analyse the AC and DC signals the lock-in amplifier 
measures the Fourier coefficients of the first and second harmonics of the signal 
which carries the real and imaginary parts of the RA signal respectively. The 
successful detection of the RA signal is due to the lock-in amplifiers ability to detect 
a signal of very specific frequencies from an extremely noisy environment.  
The lock-in works by identifying the frequency and phase relationship of a 
locked in reference voltage, which is supplied by the PEM. The difference in 
frequencies of the signal in interest with regard to its locked in signal can then be 
tracked.  
 
2.2 The Propagation of Light through the System 
 
To measure the RA signal accurately a comprehensive and well defined method of 
determining the polarisation state of light reflected from the sample surface is 
required. In this section the theoretical analysis of RAS is described in a quantitative 
manner using a well defined mathematical formulism. It is first important to define 
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the electric field vector, E, of light which can be represented as a superposition of 
two orthogonal states. 
 
 
),(),(),( tzEtzEtzE yx                                    (2.2) 
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)cos(),( 0 xxx tkzEtzE                                  (2.3) 
and 
)cos(),( 0 yyy tkzEtzE                                  (2.4) 
 
The resulting wave, E, is therefore the vector sum of components, 
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E(z,t)  ˆ xE0x cos(kzt) ˆ yE0y cos(kzt )                          (2.5) 
 
where the terms k is the wave number, z is the position in space, ω is the angular 
frequency, t is the time, ϕx ϕy  are the phases, and E0x and E0y represent the 
maximum amplitudes. In equation 2.5 δ = ϕx- ϕy is the relative phase between the 
two components and the resultant polarisation state of light is dependent on this 
value and the relative projection along each axis. The types of polarisation that can 
be achieved can now be discussed in terms of magnitudes, E0x and E0y and the 
relative phases between the two components δ. Linearly polarised light will occur 
when δ=mπ for values of, m= 0, 1, 2, 3…. as the wave will be confined to a 
single plane, this is also the case when either E0x or E0y=0, as the wave will be 
limited to displacements in the x or y axes respectively. Linearly polarised light with 
non-zero magnitudes is at an angle α to the x axis, defined below. 
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Circularly polarised light is achieved when the phase lag, δ is an integer 
multiple of π/2 and E0x = E0y. In circularly polarised light the magnitude remains 
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constant as the wave propagates through space but the direction of E fluctuates with 
time in a circular pathway with angular frequency ω. 
Elliptical polarisation occurs when the resultant vector E fluctuates with 
time, as in circularly polarised light, but is also accompanied by variations in 
magnitude, for example if E0x≠E0y and δ is again an integer multiple of π/2. 
Elliptical polarisation is also achieved when E0x=E0y and δ is an arbitrary angle.  
A convenient way of representing polarised light is to use the Jones vector 
notation, which was invented in 1941 by R. Clark Jones [13]. The method provides a 
mathematical description of the state of light in terms of the electric field vector 
Figures 2.2, 2.3 and 2.4 show the different polarisation states and their 
corresponding normalised Jones vector representation.  
 
 
Figure 2.2: Common linear polarisation states 
 
In the RAS system the light reflected from an appropriate sample will be 
either elliptically polarised or circularly polarised. Incident linearly polarised light 
reflected from the surface will be elliptically polarised due to surface anisotropy, 
whereas light reflected from the bulk of a cubic sample will be circularly polarised. 
This affect is significant as the PEM introduces retardation to the elliptically 
polarised light, so that it is possible to extract harmonics from the amplitude 
modulation, giving information which only derives from surface anisotropy. 
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Circularly polarised light from the bulk will pass through the PEM without 
modification as the intensity in the resultant vector is the same in all phases. 
 
 
 
Figure 2.3: Circular polarised states 
 
 
Figure 2.4: Ellipticaly polarised states 
 
The RAS technique uses polarised light and consequently the analysis must 
follow that used for a polarising system. The Jones matrix formalism can not only 
describe the polarisation state of light but can also be used to calculate the effect of 
optical components on the input light of a given polarisation, the transmitted or 
reflected wave can then be expressed as (2 x 2) matrix, as such it is an ideal method 
for analysis of the RAS system and will now be used to describe the propagation of 
polarised light through the RAS set up.  
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2.2.1 The Jones Matrix Formalism 
 
Light emitted from the xenon lamp, once polarised can be defined in a concise 
manner using the Jones matrix formalism, for example the resultant wave E from 
(2.5) written as a Jones vector is:  
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The polarisation state of light can be analysed as it passes through the system, from 
the initial state of the incident light Ei to the final sate Ef, arriving at the detector. 
The effect of each component in the RAS system modifies the Jones vector of the 
transmitted or reflected light. The Jones matrix, M in equation 2.7, fully describes 
the effect on light of all the optical components in the RAS instrument. 
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The optical axes of each component need to be considered, both the polariser and 
analyser have a transmission axis, t, and an extinction axis, e, whilst the PEM, as it 
introduces retardation has a slow axis, s and a fast axis, f. For an Au(110) sample the 
axes (x,y) are in the   

[11 0] and [001] surface directions. These axes define the 
reference frame for each component, therefore rotational matrices, R, are used to 
convert the Jones vector representing the polarisation state of light to that of the 
optical component that it is interacting with. 
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Azimuth angles P, A and M describe the orientations of the reference frames of the 
polariser, analyser and modulator respectively, which correlates to the transmission 
axes of the polariser and analyser and the fast axis of the modulator. 
The first Jones matrix that can be assigned to the light wave is tePT . This is 
assigned after the light has passed through the polariser and is therefore in the te 
reference frame of the polariser.  
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The rotation matrix R(P) is then used to get tePT into the xy reference frame of the 
sample and this is achieved by multiplying tePT  by R(P): 
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Before interacting with the sample surface the light will enter the electrochemical 
cell by passing through a strain free window. The orientation of the window axes is 
unknown and therefore it is assumed to coincide with the xy frame of the sample. 
The window posses some birefringence and this retards the light introducing a phase 
shift in y with respect to x, represented by the Jones matrix: 
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 where δWI is the retardation of the incident beam and δ is defined as: 
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where, d is the thickness of the window, λ is the wavelength of light and ne and no 
are the refractive indices of the extraordinary and ordinary directions respectively.  
The light will then reflect from the sample surface. The Jones matrix for the sample 
is assumed to have different coefficients in x and y, rx and ry respectively. 
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Once the light is reflected from the sample surface it will once again pass through 
the window. Upon exiting the electrochemical cell the light will pass through a 
different part of the window which has an associated retardation, δWO, and is 
described by the Jones matrix: 
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The next component in the RAS system is the PEM which is described by: 
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Application of the rotation matrix R(M) is needed to change the reference frame 
from the xy frame of the sample to that of the PEM: 
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Combining matrix 2.15 with 2.16 gives: 
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The light will next interact with the analyser which converts the light from a 
phase-modulated signal to an amplitude-modulated signal. This requires the same 
Jones matrix used for the polariser: 
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Once again the reference frame must be changed from that of the PEM to the 
analyser, requiring the rotation matrix R(A-M): 
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Combining matrix 2.18 and 2.19 gives: 
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The Jones matrix, M, which describes the effect of all the optical components on the 
light wave can now be obtained by combining all the Jones matrices of each 
element. These must be combined in the order in which the light interacts. Due to 
matrices being non- commutative, M can now be written as: 
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which after combining equations 2.10, 2.11, 2.13, 2.14, 2.16, 2.15, 2.19 and 2.18 
evaluates to: 
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The values of the angles P, A and M are -45˚, 0˚ and 45˚ respectively therefore the 
following evaluations can be made: 
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The above values can be inserted into equation 2.23 to give: 
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The matrix, M, contains one non-zero term and so the initial equation 2.7 becomes: 
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The window term can also be simplified: 
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The window induced retardation although finite, is small, meaning it is possible to 
expand the exponential in terms of a power series: 
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Using the above simplification, equation 2.24 becomes: 
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The complex Fresnel coefficients, rx and ry in equation 2.13 can be written in terms 
of their real and imaginary components: 
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The modulator retardation represented by M
i
e

can be expressed using De Moivre’s 
theorem:  
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With manipulation 11a  becomes: 
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where α and β are the real and imaginary parts of 11a . One can assume that the light 
wave beyond the analyser will not have I ts polarisation altered, and so the detector 
and monochromator can be thought of as polarisation independent. This implies that 
the detector only measures the time dependent intensity at each wavelength. The 
time dependent intensity measured, I, is proportional to the square of Ef from 
equation 2.25 which is dependent on the 11a  term, thus: 
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which, with, extensive algebraic manipulation, becomes: 
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This can be written in the form: 
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The retardation δM is varied sinusoidally by the PEM and can therefore be expressed 
as: 
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where ω is the resonant angular frequency of the modulator and α(λ) is the 
modulation amplitude, and is proportional to the applied excitation voltage and the 
wavelength of light. The frequency components of the signal can be determined by 
Fourier expansions of the cos(δM)  and sin(δM) terms, which introduces Bessel 
functions of the first kind: 
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where )(nJ is the Bessel function of order n and argument α. 0)(0 J  is 
achieved, in this case, by adjusting the voltage applied to the PEM and equation 2.34 
becomes: 
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The first term in the above equation, 2.38, is time-independent, and is therefore 
considered as a DC component. Comparison of the terms in equations 2.33 and 2.38 
enables the intensity coefficients to be determined. It is assumed that for small 
anisotropies rx ~ ry for additive terms. If only the first order window strain terms are 
considered, the normalised frequency terms are found to be: 
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The time independent term, dcI , is a measure of the reflectivity of the sample 
material. At frequency ω the imaginary component of (Δr/r) is measured, which is 
found to be dependent on the first-order window strain terms, whereas the real 
component of (Δr/r) is measured at 2ω and is only sensitive to window strain terms 
of the second order. Experimentally the frequency dependence of the real and 
imaginary parts of the signal allow the two parts to be separated. Measurements of 
the imaginary part of the signal have substantial window strain effects, which makes 
analysis of the signal significantly more complicated and as a result the majority of 
RAS measurements reported are of the real part of the RAS signal.   
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2.2.2 Errors 
 
Misalignments of the optical components and the sample and sometimes insufficient 
linear polarisation of the light emitted from the Xe lamp are the source of the 
majority of errors in the RAS technique. The misalignment of polarisation 
dependent components will cause an offset in the measured Re(Δr/r), which, 
although it does not introduce new features to the RA spectrum, creates problems 
when quoting absolute values of Re(Δr/r). Changes between measured spectra can 
be more accurately investigated. A thorough discussion of the impact of 
misalignment on the RA spectra have been carried out in A. Maunder’s thesis [14], 
where it was found that the relationship between the polariser and modulator is very 
sensitive to misalignment, but this has less of an effect on the analyser. Anisotropy 
induced by the window is another source of error in RA spectra and to remove the 
influence of this a window correction is subtracted from all RA spectra.   
 
2.2.3 Rapid RAS  
 
The rapid RAS is a recent development of the RAS technique. This development 
enables dynamic changes occurring over short time scales to be studied at multiple 
wavelengths. This can provide valuable information on dynamic changes in Au 
structure during surface reconstructions and other important changes that take place 
in biological systems adsorbed on suitable substrates.  
 The rapid RAS instrument has been developed to employ many of the 
components in the standard RAS instrument. It uses a 32 channel UV enhanced 
photodiode array (Hamamatsu S4114-35Q) to collect spectra in parallel and is 
developed from the 16 channel rapid RAS instrument described in detail earlier [15]. 
Each channel is individually amplified and digitised, the signals are processed using 
phase locked, signal averaging and fast Fourier transform (FFT) techniques which 
replaces the need of a lock-in amplifier and allows all 32 channels to be processed at 
once. The instrument is calibrated before use each time using filters of known 
wavelength to accurately establish the wavelength of each channel. 
 31 
 Dynamic effects in biological molecules can be crucial to their function and 
the rapid RAS allows the user to monitor dynamic effects and changes to RAS 
intensity over 32 channels at once. Data can be gathered and averaged to produce 
reasonably signal to noise RA spectra every 30-40 ms, which is a great advantage as 
changes in RAS intensity can occur at different time-scales at different wavelengths. 
The ability to monitor a large range of wavelength simultaneously allows this effect 
to be investigated. 
 
2.3 Electrochemistry 
 
Electrochemistry is an important branch of science and has applications across a 
wide range of industries including extraction of metals, solar cells, batteries, 
chemical synthesis and sensors which together make up a multi-million pound 
industry. Electrochemistry is concerned with chemical reactions which involve the 
transfer of electric charge, usually in the form of electrons across the interface of a 
chemical species and an electrode [16]. RAS has been used to study biological 
molecules adsorbed at electrode surfaces in electrochemical cells [8-12]. Reactions 
at the interfacial region are the core of electrochemistry and knowledge of this 
region is crucial. At a molecular scale the movement of negatively charged species 
between the electrode and a species in solution is driven by the potential gradient at 
the surface. This occurs at such small distances that the potential gradient can be in 
the order of 10
10
 Vm
-1
 [16]. To fully understand the interfacial region it is important 
to understand the movement of charged ions being attracted to the electrode surface, 
the structure of the adsorbed species and the effect the potential field has in this 
region.  
A charged surface must have a balancing counter charge, which is in the 
solution. However this charge will not be uniformly distributed throughout the liquid 
phase but will be concentrated towards the electrode region. One of the earliest 
models to describe the interfacial region was created by Hermann Von Helmholtz in 
1853 [17]. The model assumes that no electrons transfer and that the interface must 
be neutral overall, where the charge on the electrode is balanced by an equal and 
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opposite charge in the solution instigated by the redistribution of the electrolyte ions 
to the surface of the electrode, Helmholtz referred to this as the “electric double 
layer”. The Helmholtz model likens the electrode/electrolyte interface to a parallel 
plate capacitor, with one of the plates representing the electrode surface and the 
second plate is thought of as the plane that passes through the centre of the solvated 
ions at the closet approach, this is known as the Outer Helmholtz Plane (OHP). This 
early model was subsequently improved, firstly by Gouy [18,19] and Chapman [20] 
by consideration that charge is free to move and subject to thermal motion, so that 
the largest concentration of counter ions is found close to the electrode, but excess 
charge will disperse away from the electrode into a diffuse layer with progressively 
decreasing concentration of ions until a homogeneous distribution of ions within the 
bulk of the electrolyte is reached [21]. Stern [22] modified this model further, stating 
that there must be a plane of closest approach, as in the Helmholtz model, as ions 
have a finite size. Stern combined ideas from the Helmholtz and Gouy-Chapman 
models to produce a new model.  
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Figure 2.5: Schematic illustration of the interfacial region with a graph of the 
potential drop across the electrochemical interface (Reproduced from [23]). 
 
The latest improvement to the model came in 1947 by Grahame [24], and is 
the current accepted model. Grahame introduced the concept of two types of 
adsorption present on the electrode surface, specifically adsorbed ions and non-
specifically adsorbed ions. Grahame proposed that although the inner layer would be 
mostly occupied by solvent molecules, it is possible for some ions or molecules that 
have lost their weakly bound solvation shells to form a chemical bond to the surface 
of the electrode. This is only possible for certain types of molecules with certain 
types of electrodes and is therefore referred to as specifically adsorbed. This 
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introduces a new plane, the Inner Helmholtz Plane (IHP), which is the plane that 
runs through the centre of specifically adsorbed ions. This accepted model of the 
interfacial region is depicted in figure 2.5.  
The specifically adsorbed molecules at IHP, shown in figure 2.5, typically 
show a steep potential drop across the interface (purple curve figure 2.5) with a 
over-shooting of the potential with respect to the bulk electrolyte value. It is 
assumed that non-specifically adsorbed molecules adsorbed at the OHP a linear 
potential drop across the interface (red line figure 2.5). The potential φm, φs, φ1, and 
φ2 correspond to potentials inside the metal, the electrolyte, the IHP at Z1 and the 
OHP at Z2 respectively. 
Applying a potential to an electrode immersed in an electrolyte will cause the 
surface to become charged away from its neutral state. The value of the charge is not 
only dependent on the potential but also the electrode material and the electrolyte 
used. Applying a negative potential will cause electrons to flow into the electrode 
surface resulting in a negatively shifting surface charge and, if the potential applied 
is positive, the opposite is true: electrons will move from the surface and the charge 
will become less negative and eventually positive. 
 
2.3.1 Measuring Electrode Potential 
 
Electrochemical investigations in this thesis are supplemented with in situ RAS 
studies to monitor the adsorption of molecules at the electrode surface and changes 
occurring at the electrode surface as a result of changing the potential. It is therefore 
essential to have precise control and measurements of the potential across the 
electrode and the solution. Direct measurement of the electrode potential is not 
possible, for example in a one electrode cell the use of a standard digital voltmeter 
(DVM) to measure the potential drop will not work as it will not make electrical 
contact because free-electrons will not pass from the DVM probe to the solution. 
Indirect measurement of the potential is possible with the introduction of a second 
electrode, a reference electrode, in the reference half cell.  
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The role of the reference electrode is to provide a fixed potential which does 
not vary during the experiment [21]. A potentiostat will control the potential 
between the two electrodes. As a result of the reference electrode maintaining a 
fixed potential any change in the applied potential to the cell is across the working 
electrode and the solution and can therefore be measured. In fact this measurement 
is the difference of two metal/solution potential drops and can be represented as: 
 
)()(
)()()()( )()(
MetalBMetalA
SolutionMetalBSolutionMetalA


             (2.42) 
 
In a two electrode system one electrode represents a test system and the other a 
reference system, the potential difference can be written as: 
 
)()( )()Re()()( SolutionferenceSolutionTest             (2.43) 
 
Due to the potential drop across the reference electrode/solution remaining constant 
this can be rewritten as: 
 
 )( )()( SolutionTest k                                 (2.44) 
 
where k is a constant.  
The value of    SolutionTest   can still not be directly measured, however 
changes in this value can be determined against the constant k. 
The work reported in this thesis involved the use of three electrodes, the 
purpose of the third ‘counter electrode’ is to supply the current required by the 
working electrode without in any way interfering with the measured response of the 
working electrode [21]. When a potential difference is applied across the working 
electrode/solution interface the current will be large, which can alter the ionic 
concentration in the solution, causing the difference between the reference and the 
measured potential to no longer be constant. The counter electrode prevents current 
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flowing from between the reference electrode and the working electrode by allowing 
the passage of current between itself and the working electrode. 
A Standard Calomel Electrode (SCE) consisting of Hg/Hg2SO4 in saturated 
aqueous KCl is used as the reference electrode, the working electrode is a Au(110) 
crystal of 99.999 % purity and a piece of platinum gauze is used as the counter 
electrode given its inert nature and large surface area. 
 
2.3.2 The Electrochemical Cell 
 
The electrochemical cell used for RAS experiments described in this thesis is a 
purpose built three electrode spectro-electrochemical cell. An illustration of the cell 
can be seen in figure 2.6. 
 
 
Figure 2.6: Schematic of the electrochemical cell used in potential controlled RAS 
experiments. 
 
A closed Teflon tap is used to separate the SCE reference electrode from the 
electrochemical cell. This prevents any chloride ions leaking from the reference 
electrode and contaminating the working solution. The distance between the 
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working electrode and reference electrode is minimised to avoid any potential drop 
by using a luggin capillary, which consists of a thin glass pipe and is not shown in 
figure 2.6. The argon inlet allows argon gas to be bubbled through the cell 
preventing oxygen contamination of the electrolyte and degases the electrochemical 
cell. The potentiostat used in the research reported in this thesis was an Autolab 
PGSTAT 30.  
 
2.4 Crystal Preparation 
 
The Au(110) crystals used in RAS experiments throughout this thesis are in the form 
of discs of diameter 10 mm and thickness 2 mm with an exposed surface area of 
0.5 cm
2
. The Au(110) crystals are of 99.999% purity and are orientated to an 
accuracy of 0.1° by x-ray diffraction. The crystals were prepared for experiments by 
mechanically polishing on successively smaller grades of diamond paste, from 
6 µm, 1 µm and finishing on 0.25 µm, between polishing at each grade of diamond 
paste the crystals were cleaned in an ultra sonic bath to remove the diamond paste. 
After being polished the crystals are flame annealed using a butane micro-torch, 
where the crystals are heated until glowing orange and then allowed to cool in air 
before being reheated in the flame of the torch, this process is repeated 15 times. 
The flame annealing process for preparing clean and well ordered surfaces was 
introduced by Clavilier et al. [25] and was later developed for the preparation of Au 
surfaces [26] After being flame annealed the crystals are allowed to cool in air 
before being protected by a drop of ultra pure water (Millipore Q Systems, 
18 MΩcm), then transferred to the electrochemical cell.  
 
2.5 Quartz Crystal Microbalance with Dissipation 
Monitoring (QCM-D) 
 
The primary aim of this thesis is to develop and apply RAS to monitor, in real time, 
electron transfer induced conformational change in Cytochrome P450 Reductase 
(CPR) adsorbed onto an Au(110) surface. In order to understand conformational 
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events using RAS the protein must first be adsorbed onto the Au(110) substrate 
surface, therefore understanding the adsorption process is vital to the success of the 
research. 
The interaction of biological molecules with solid surfaces is an area of huge 
interest. Understanding this interaction has application in biology, medicine, food 
processing and the area which has had rapid growth, the development of biomedical 
materials [27]. It is clear that monitoring of the adsorption of biological materials on 
solid surfaces is crucial, creating opportunities for the development of new 
adsorption monitoring techniques. 
A Quartz Crystal Microbalance (QCM) is a nanogram sensitive device used 
to measure adsorbed mass per unit area. It utilises the resonant behaviour of the 
piezoelectric quartz crystal and the fact that the resonant frequency of the crystal 
changes when the mass of the crystal changes, therefore as mass is adsorbed onto 
the crystal accurate measurement of the frequency changes allows very small masses 
to be measured. 
This was only possible after 1959, when Sauerbrey demonstrated the linear 
relationship of frequency changes of an oscillating material are related to the mass 
adsorbed on the material [28]. 
 
Δm=(C/n)Δf                                                 (2.45)  
 
where Δf is the frequency change, Δm is the mass adsorbed, n=1,3… is the overtone 
number and C is the mass sensitivity constant given by: 
 
C=(tq ρq)/f0                                                    (2.46)        
 
where tq is the thickness of quartz, ρq is the density of quartz, f0 is the resonant 
frequency of the crystal in Hz  and C= 17.7 Hz ngcm
-2
 for a 5 MHz crystal. 
The Sauerbrey relationship is accurate as long as three assumptions are held, 
i) the adsorbed mass is small relative to the mass of the quartz crystal, ii) the mass 
adsorbed is rigidly adsorbed and iii) the adsorbed mass is evenly distributed over the 
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active area of the crystal [29]. Initial studies using QCM’s were carried out in 
gaseous or vacuum environments where metal oxidation [30], gas adsorption [31], 
dry etching and catalytic reactions [32] were the major areas of research.  
The technique expanded into the liquid phase after Nomura and Okuhara 
[33] demonstrated that, if one face of the sensor is exposed to the liquid and the 
other to the gas phase it is possible to operate a QCM in the liquid phase. This 
expansion of the QCM capabilities created not only new experimental opportunities, 
but also introduced difficulties in the interpretation of the frequency changes. QCMs 
operating in the liquid phase introduced viscous and elastic contributions to the 
frequency change [29], which violates the assumption in the Sauerbrey relationship 
that the adsorbed mass is rigidly adsorbed, questioning the validity of the Sauerbrey 
relationship in the liquid phase. 
The sensitivity of the QCM to the viscoelasticity of adsorbed layers can be 
the reason for experimentally observed deviations from the Sauerbrey linear 
relationship between frequency change and adsorbed mass [34]. The viscoelastic 
adsorbed layer brings the adjacent liquid layer into motion as a result of the crystal 
oscillating, which causes inaccuracies in the Sauerbrey relation. Voinova et al. [35] 
used continuum mechanics to show that the mechanical properties of viscoelastic 
materials are usually related to energy storage and dissipation processes resulting 
from the balance between applied stress and the ensuing relaxation process in the 
material. To use a QCM in the liquid phase, applying it to non-rigid overlayers, it is 
necessary to monitor the damping of the crystal oscillation or its dissipation factor 
along with the frequency change. The dissipation factor is defined as: 
 
D=EDissipated/(2πEstored)                                             (2.47) 
 
where D is the dissipation, EDissipated is the energy dissipated during one oscillating 
cycle and EStored is the energy stored in the oscillating system. Dissipation is the sum 
of various energy dissipating subsystems in the composite oscillator which can 
reveal the dissipative properties of the viscoelastic overlayers.  
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The Sauerbrey relation is not obeyed by non-rigid adsorbed layers. This 
causes a dissipation shift which has been shown to violate the Sauerbrey relation. 
Consequently just using this relation and measuring frequency alone would greatly 
underestimate the adsorbed mass of sufficiently non-rigid adsorbed layers [29]. It 
has been suggested that the failure of the Sauerbrey relationship derives from two 
sources. The first source is related to the propagation of the shear acoustic wave in 
the viscoelastic film. A thin and rigid film, adsorbed on the crystal acts as ‘dead’ 
mass, whereas viscoelastic or thicker films constitute a coupled oscillation for which 
the change in frequency is not proportional to the change in mass. The second 
source is related to the definition of mass. At solid liquid interfaces, mass is often 
defined as molar mass or ‘dry’ mass. In QCM measurements liquid may couple as 
additional mass through direct hydration or entrapment in cavities of the adsorbed 
film [36]. 
Voinova et al. [35] explained that the simplest way to account for dissipative 
losses in viscoelastic layers was to introduce a shear viscosity coefficient η and a 
shear elasticity modulus μ within one of the two basic models “Maxwell” or 
“Voight”. The Voight model, unlike the Maxwell model, does not describe flow at a 
steady rate, instead the viscoelastic element is described by a complex shear 
modulus of which the real part (the storage modulus) is independent of frequency 
and the imaginary part (the loss modulus) increases linearly with frequency [35]. 
The two models are applicable when using different solutions. The Maxwell model 
is usually applied to polymer solutions with low shear rate that demonstrate purely 
liquid like behaviour, whereas the Voight model is applied for polymers that 
conserve their shape and do not flow [35].  
The analysis of viscoelastic layers adsorbed on resonant crystal surfaces has 
lead to the development of commercial Quartz Crystal Microbalance with 
Dissipation monitoring (QCM-D). The first QCM-D devices were developed by Q-
sense in 1996. These QCM-D devices have been used to monitor protein adsorption, 
and it has been shown that when a monolayer or a multilayer of biomolecules are 
adsorbed in the liquid phase the energy dissipated increases. The monitoring of the 
change in dissipation as well as frequency, at multiple harmonics of resonant 
frequencies in the millisecond timescale, can be modelled with theory to extract 
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meaningful data from the experimental data, such as mass, adsorbed layer thickness, 
viscosity or storage modulus [29]. This allows a much broader characterisation for 
viscoelastic systems that do not obey the linear Sauerbrey relation, than QCMs 
which monitor frequency changes alone. Biomedical material development is an 
area that has benefitted greatly from the development of QCM-D. An important 
factor in biomaterial development is the biocompatibility of the material. The ability 
of QCM-D to measure accurately the amount of protein adsorbed onto different 
surfaces provides insight into whether the material inhibits or promotes protein 
adsorption, which plays a crucial role in the development of biomedical material 
development and selection. Dissipation losses during protein adsorption have been 
shown to originate from several sources: interactions at the protein/substrate 
interface, interactions at the protein/liquid interface and/or processes within the 
protein layer (proteins plus trapped liquid) [37].  
 
 
Figure 2.7: Q sense E4 QCM-D module. (Reproduced from www.q-sense.com). 
 
In the research reported in this thesis, protein adsorption has been monitored 
uses a Q-Sense E4 Module QCM-D (figure 2.7). This is a 4 chamber module 
capable of monitoring the frequency and dissipation changes on four quartz crystals 
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at once. The frequency and dissipation changes are monitored using Q-Soft 401 
software and analysis of layer thickness, viscosity and mass can be modelled and 
fitted to experimental data using Q-Tools 3.0 software. The frequency and 
dissipation changes can be monitored to an accuracy of 1 Hz and 1x10
-6
 units of 
dissipation respectively, for the protein solutions used in this research [38].  
The quartz crystals are ‘AT’ cut which provides favourable stability 
properties and the crystal oscillates in a purely shear mode [39]. The crystals 
comprise a thin AT cut quartz disc sandwiched between two electrodes, which are 
used to establish an electric field across the crystal. The electrodes can be made of 
any metal material and in the case of this research gold is used, which is commonly 
used due to its inert nature. A polycrystalline Au coated sensor is shown in figure 
2.8.  
 
 
Figure 2.8: Q-Sense Au coated Sensor. (Reproduced from www.q-sense.com). 
 
The E4 modules (figure 2.9) are temperature controlled and for the 
experimental research in this thesis the temperature was kept at 20˚C. All crystals 
were cleaned and UV-Ozone treated before use. Once placed inside the flow module 
ultra pure water was first pumped over the sensor until a steady trace for both 
frequency and dissipation was reached, which was then repeated with buffer solution 
to produce a baseline before a known concentration of protein was added to the 
solution, which was then pumped through the cell whilst the frequency and 
dissipation changes were monitored. It is important to rinse the cell thoroughly with 
buffer solution before the Δf and ΔD data are analysed, to ensure excess protein is 
rinsed off the crystal surface. 
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Figure 2.9: Q-Sense flow module with gold coated quartz sensor crystal in position. 
(Reproduced from www.q-sense.com). 
 
2.6 Atomic Force Microscopy (AFM) 
 
The capability of the Atomic Force Microscope (AFM) to produce very detailed 
three-dimensional images of the surface topography down to the nanometer or 
angstrom scale, has seen the AFM become an essential tool for imaging many 
surfaces with a wide range of applications. 
AFM was first reported by G. Binnig et al. [40]. AFM measures the 
attractive and repulsive forces between a sharp probe tip mounted on a flexible 
cantilever and the sample surface. These forces cause the tip to deflect or approach 
the sample surface.  Monitoring the tip deflections provides information on the 
sample surface structure. Originally the tip movements were monitored using a 
Scanning Tunnelling Microscope (STM) [40], however modern AFM’s use optical 
detection systems. The detection systems utilise a laser which is reflected off the 
back of the cantilever onto a photodetector. The photodetector is usually separated 
into quadrants which allow changes in the position of the cantilever to be accurately 
detected [41]. The optical detection systems used can measure changes in the 
position of the laser beam as small as 1 nm [42]. The sample position is controlled 
by piezoelectric ceramics which allow very accurate positioning of the sample with 
respect to the tip. Alternatively the tip can be controlled by piezoelements and the 
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sample kept in a fixed position. Either way this allows the sample surface to be 
scanned in the x-y position very precisely [41].  
The cantilever tip interacts with the sample surface and experiences repulsive 
and attractive forces. As the tip is brought to the surface it experiences long range 
weak attractive van der Waals forces between the tip and surface. As the tip is 
pushed into the surface stronger repulsive forces are detected as the tip is essentially 
trying to displace atoms on the surface [42]. 
  
 
Figure 2.9: Schematic representation of an AFM. The cantilever-tip system is 
deflected by the surface topography of the sample. Cantilever deflections are 
detected with a laser-optical set-up. The four segment photodiode detects forces 
affecting the tip. In most AFM systems the sample rests on a piezotube scanner (not 
shown in this diagram) which allows the scanning to be rastered in the x and y 
surface direction as well as the z direction (reproduced from [42]). 
 
 The common modes of operation of AFM are contact mode, non-contact 
mode and tapping mode. In contact mode the tip is brought into contact with the 
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sample surface until a desired deflection of the cantilever is reached using 
piezoelements to control the z-position. The tip is then dragged over the sample 
surface, whilst keeping the deflection of the cantilever constant. This is achieved by 
moving the cantilever closer to or away from the surface. These changes in the 
z-position of the cantilever relate to the surface topography of the sample. Contact 
mode can cause problems when scanning soft samples as the dragging of the tip over 
the surface can damage the surface. Non-contact mode is were the tip is moved close 
to the sample surface, typically 5-15 nm above the surface. In this mode the 
attractive van der Waals forces are detected, these forces being much weaker than 
the forces in contact mode. Due to this the tip is oscillated close to or at the resonant 
frequency of the cantilever, which makes AC detection methods to detect forces 
between the cantilever and the sample surface possible. The forces will cause 
changes to the amplitude, phase or frequency of the oscillation. As a result of force 
gradients, an attractive force will lead to a decrease in resonant frequency whereas a 
repulsive force will lead to an increase in resonant frequency. Operating in 
non-contact mode is difficult in ambient conditions as the tip can experience a ‘jump 
to contact’ as it is brought close to the sample surface. This is caused by a small 
capillary bridge forming between the tip and the sample. A key advancement in the 
AFM technique is tapping mode. This allows high resolution images of the 
topography of samples that are easily damaged by contact mode because they are 
loosely held on the sample surface or soft with structures that can be subtly altered. 
In tapping mode the cantilever is oscillating at, or near to its resonant frequency: this 
is achieved using piezoelectric crystals. The oscillation of the cantilever has a high 
amplitude in air, typically 20 nm [41]. The tip is brought closer to the surface until it 
intermittently touches or ‘taps’ the surface. Tapping the surface reduces the 
cantilever oscillation due to energy loss and the reduction in the oscillation 
amplitude is used to measure surface features [44]. As the tip passes over the sample 
the amplitude of the oscillation will decrease as the tip passes over a bump, as there 
is less room to oscillate. Conversely the oscillation amplitude will increase as the tip 
passes over a depression, as at that moment the cantilever has more room to 
oscillate. Information of the oscillation amplitude is used to produce very accurate 
surface topography measurements without damaging surfaces or adsorbed surface 
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layers as this tip is not pulled or dragged across the surface, the tapping force being 
always applied vertically.  
 
             
 
 
Figure 2.10: Common AFM imaging modes, showing contact mode, tapping mode 
and non-contact mode (reproduced from [43]). 
 
The capability of AFM to operate in aqueous environments has seen the 
technique evolve from the original contact mode with metal or polymer samples to 
studies routinely carried out with the cantilever submersed in liquid, which allows 
biological molecules and living cells to be imaged in physiological conditions. AFM 
can measure local charge densities, mechanical properties and intermolecular forces 
with nanometer-scale spatial resolution, and is capable of manipulating 
biomolecules on a nanometer scale [41]. Therefore some of the most intriguing 
features of biological complexes, such as dynamic behaviour, their ability to interact 
with other molecules and their assembly patterns, are all possible to follow with 
AFM and as a result of this there has been a great increase in research using AFM to 
study biological systems, such as living cells [45], proteins and DNA [46], and there 
are several excellent review articles on the use of AFM to study biological 
molecules [41,47,48]. 
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Chapter 3 
 
 
The Au(110) Surface 
 
 
The Au(110) surface has been the focus of a great deal of research in both ultra high 
vacuum (UHV) and electrochemical environments. The purpose of this chapter is to 
work through these previous studies and discuss how the physical and electronic 
structure of the Au(110) surface relate to features observed in the RA profile of 
Au(110) surface. This chapter will also introduce the three-phase model which 
enables simulations of RA spectra to be produced. The Au(110) surface is known to 
undergo surface reconstruction in varying electrolytes and electrode potentials: this 
work will be summarised and surface reconstructions will be assigned to spectral 
features in RA spectra.  
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3.1 The Need for a Substrate 
 
Since it is difficult to monitor protein dynamics whilst the protein is in solution, as 
the molecules are able to move about randomly, we adopt the technique of fixing 
cytochrome P450 reductase (CPR) to a surface. This makes it easier to detect 
conformational changes.  
The Au(110) surface that is used throughout this thesis is one of the low 
index faces of the gold face centred cubic (FCC) crystal structure. The surface 
structure of a Au(110) crystal, after the flame annealing and preparation process 
described in section 2.4 provides the intrinsic anisotropy that is necessary to produce 
a RA signal. The other two low-index faces of the Au, the unreconstructed (100) and 
(111), have inherently isotropic structures and so do not yield RA spectra. 
The Au(110) surface offers a structured substrate which has been the focus 
of much reflection anisotropy spectroscopy (RAS) research and as a result the RA 
profile of Au(110) is well understood [1]. The flame annealing process makes it 
possible to prepare the Au(110) surface in conditions outside of the ultra high 
vacuum (UHV) environment. This has led to the use of Au(110) single crystal 
electrodes within an electrochemical environment being used to investigate 
biological molecules adsorbed at the Au(110)/electrolyte interface. 
RAS investigations of biological molecules adsorbed at the 
Au(110)/electrolyte interface [2-13] have been shown to form ordered structures 
aligned along the principle axes of the substrate [3,5,7]. An advantage of adsorbing 
CPR onto the Au(110) surface in an electrochemical environment is that it allows 
the electrode potential to be changed to the known redox potentials of CPR which 
will induce electron transfer processes in the protein. This may make it possible for 
the RAS technique to monitor conformational changes in CPR during electron 
transfer processes. However a difficulty arises in understanding the RAS signatures 
of the surface reconstructions of the Au(110) surface. These reconstructions have 
been the focus of a great deal of experimental investigations. The surface 
reconstructions have been shown to be sensitive to crystal preparation, temperature, 
electrolyte solution, pH and electrode potential, and therefore a thorough 
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understanding of the Au(110) surface is required so that the effect of adsorbing 
protein can be monitored and analysed as accurately as possible. 
 
3.2 Surface Phase Transitions 
 
Phase transitions fall into two broad categories, first order transitions and second 
order transitions. Phase transitions occur in many physical systems: first order 
transitions are characterised by latent heats and occur mainly in a ‘mixed phase’ 
regime such as the solid/liquid/gas transition, where parts of the system have 
completed the transition and others have not. Second order transitions, which are not 
associated with latent heats, are also known as continuous transitions and include 
transitions to superconducting and superfluid states which occur in certain materials 
and in liquid He. Phase transitions occur due to the tendency of systems to minimise 
the free energy, F, whilst the system is in thermodynamic equilibrium at constant 
volume and temperature: 
 
F = U – TS                                                              (3.1) 
 
Transitions occur at specific temperatures because different states can divide their 
energy between internal energy, U(T) and the entropy of the system, S(T) in 
different ways.  
 To characterise a phase transition, the degree of order in a system is 
measured: this is the order parameter. This parameter changes in a system as the 
transition temperature Tc is reached: the change in order is dependent on the type of 
phase transition involved. For first order phase transitions a discontinuous change is 
observed as one equilibrium phase changes to another. For second order transitions a 
continuous transition is seen. The order parameter typically varies as (T-Tc)
β
 for 
second order transitions, where β is the critical exponent which belongs to a 
universality class and depends solely on the symmetry of the system, the 
dimensionality of the order parameter and the dimensionality of space. 
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3.3 The Physical Structure of the Au(110) Surface 
 
It is necessary to gain a fundamental understanding of the phase transitions that 
occur at Au(110) surface in various environments before it is possible to interpret 
RA spectra of adsorbed material on the surface.  
 The nature of reconstructions of (110) surfaces has generated a great deal of 
interest within the scientific community and has been the focus of a significant 
amount of research. This section will provide an overview of the literature on the 
Au(110) surface reconstructions, in both UHV and electrochemical environments, 
where the phase transitions in the Au(110) can be induced through thermal treatment 
or by potential control.  An excellent review of the literature on the Au(110) surface 
reconstructions has been recently carried out by N. J. Almond [14]. The next section 
of this thesis will highlight the main findings from that work together with a 
summary of more recent work. 
   
3.3.1 Au(110) in the UHV Environment 
 
 
Figure 3.1: Schematic of low Miller index surfaces. 
 
The schematic in figure 3.1 highlights some of the main low Miller index surfaces of 
Au. Of these surfaces the (110) is the most open of a FCC crystal and has the highest 
surface energy and the lowest atomic density. These characteristics mean the surface 
has a tendency to reconstruct. The unreconstructed Au(110) surface reveals the 
atoms exposed when a FCC crystal is sliced along the (110) plane. This 
unreconstructed surface is called a (11) surface structure and is shown in figure 
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3.2. The typical reconstruction of the Au(110) surface is the (12) surface structure. 
This is achieved by the removal of every other row of Au atoms along the [1  

1 0] 
direction as shown schematically in figure 3.3. 
 
 
Figure 3.2: A schematic of the Au(110) unreconstructed (11)  surface. 
 
Figure 3.3: Schematic of the Au(110) (12) surface structure. 
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 Early low energy electron diffraction (LEED) investigations by Fedak 
[15,16] first showed the (12) surface reconstruction on a clean Au(110) surface as 
shown in figure 3.3. These studies found that the transition from the unreconstructed 
(11) to (12) surface structure was reversible and temperature dependent in the 
UHV environment. The phase transition between these two surface structures 
involves extensive motion and reorganisation of the Au(110) surface atoms and 
understanding how these atoms achieve this rearrangement was at first unclear. 
Potential models describing the reorganisation of the surface atoms were proposed 
and tested by Chan et al. [17] to try to further understand the reconstruction process. 
R-Factor analysis of Ir(110)-(12) was used to test the potential models, which 
included the paired rows model, buckled surface model and the missing row 
model[17]. From their analysis Chan et al. [17] concluded that the most likely model 
for the structural reconstructions was the missing row model. Additional surface 
x-ray diffraction (SXRD) measurements carried out by Robinson [18] also suggested 
that the missing row model is the most likely model to describe the (12) surface 
structure. Further investigations followed [19,20], resulting in some disagreement 
over the validity of the missing row model due to the incompatibility of transition 
times with surface self diffusion times necessary for Au atoms to move the long 
distances necessary to allow the (11) to (12) reconstruction to occur. This 
became known as the “mass transport problem”. Scanning Tunnelling Microscope 
(STM) studies of the Au(110) surface are extremely useful for investigating phase 
transitions  as the technique is sensitive to structural changes such as step formation, 
microfaceting and anti-phase domain walls. Binnig et al. [21] carried out an STM 
investigation of the Au(110) surface confirming the (12) missing row surface 
structure. The missing row model describes the phase transition where every second 
row of atoms along the [1  

1 0] direction is removed causing the exposure of (111) 
facets between the rows of atoms. Binnig et al. [21] suggested that the (111) faceted 
nature of the (110) surface is the driving force of the surface reconstruction as (111) 
microfacets create a more energetically stable surface. Scattering and recoil imaging 
spectrometry (SARIS) revealed that the displacement of surface atoms during the 
reconstruction is coupled to displacements in the underlying atomic layers [22]. 
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 To fully understand the structure of the Au(110) surface it is necessary to 
understand the mechanisms involved in the phase transitions between surface 
reconstructions. In particular an investigation into the phase transition was necessary 
to solve the mass transport problem. Campuzano et al. [23] suggested that the 
thermally induced (11) to (12) phase transition belongs to the two-dimensional 
Ising universality class [24], where the (11) phase can be considered as a 
disordered lattice gas phase, implying that the transition does not require significant 
mass transport as the top layer atoms are randomly placed on the surface rather than 
aligned in rows. STM experiments had already proven useful in obtaining structural 
information of the surface transitions [21], and the technique was subsequently used 
to reveal information on the dynamics of the surface during phase transitions 
[25-31]. STM experiments found step structure to be particularly important to phase 
transitions on this surface. Speller et al. [29] commented on observations of a 
mesoscopic “fish scale pattern” which is associated with large numbers of anti-phase 
domain boundaries of (111) step edges. The formation of large ordered terraces 
terminated by steps parallel to the closed packed rows are promoted by monatomic 
steps found predominately in the [1  

1 0] direction on the Au(110) surface, as the 
movement of atoms in the [001] direction is inhibited at room temperature. The 
disordered gas model used to describe surface reconstructions suggested by 
Campuzano et al. [23] and a 2D Ising universality model describes the surface 
reconstruction as long as only wall defects are present on the surface. This however 
only provides an explanation for part of the process: if the surface contains only step 
defects then a roughening transition would occur. Since it has been demonstrated 
that the Au(110) surface contains both step and domain wall defects, the surface will 
undergo firstly a 2D Ising transition, at which point the surface deconstructs (TD) 
and then at a higher temperature a roughening transition will occur (TR), both 
transitions occurring within 100 K of each other.   
 Further STM analysis in UHV by Gritsch et al. [27] described the 
arrangement of (111) microfacets and (13) domain boundaries, and established 
that a perfect (12) structure cannot be terminated on both sides by (111) 
microfacets along the [1  

1 0] direction. Adjacent (12) regions must be anti-phase to 
one another and separated by a (13) domain boundary. The stability of the (12) 
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structure has been investigated by Sturmat et al. [30], using STM to demonstrate the 
effect of raising the temperature close to the roughening temperature (TD). STM 
measurements taken at progressively higher temperatures approaching TD showed 
that the smooth step edges along the [1  

1 0] change and the profile becomes jagged, 
characterised by an irregular sawtooth shape. The interior terrace regions were 
shown to still be a perfect (12) structure even at those elevated temperatures, 
highlighting the stability of the (12) structure. These findings oppose the lattice 
gas model suggested by Campuzano [23], as it shows that the main disorder process 
during the deconstruction transition is confined to step edges. The concentration of 
steps has been reported to vary significantly depending on the crystal preparation 
and crystal quality. This variation is echoed in the variation in TD values of between 
850 K and 1080 K reported for Au(110), highlighting the significant influence of 
surface steps in the transition. The (11) to (12) reconstruction requires the 
rearrangement of 50% of the surface atoms, this would be expected to involve the 
growth of terraces and large scale movement of steps, which would cause a variation 
in the step density at temperatures approaching TD. Despite the variation in step 
density for different surfaces, STM investigations have shown that the step density 
of a crystal remains almost constant up to TD. This suggests a possible solution for 
the mass transport. The assumption that the (11) consists of a disordered half 
monolayer of surface atoms means that the reconstruction will require only local 
movement of atoms over distances in the order of lattice spacing in order to generate 
the (12) structure. 
The missing row (12) reconstruction seen on clean Au(110) surfaces is also 
seen on other 5d fcc metals, Ir and Pt. The interesting observation that the (110) 
surfaces of the isoelectronic 4d and 3d fcc metals do not reconstruct to the (12) 
structure but remain in a (11) structure has been investigated by Ho et al. [32]. 
Pseudopotential density function calculations showed that the (12) missing row 
reconstruction could be formed due to the need to lower the kinetic energy of s-p 
electrons. It was suggested that the stable (12) reconstruction occurs due to the 
larger orbitals in 5d fcc metals, which leave the electrons less “room” than in 4d and 
3d fcc metals. This constraint causes an increase in the kinetic energy and the (12) 
structure promotes the lowering of the surface kinetic energy by delocalisation of the 
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s-p electrons though the formation of ordered (111) microfacets. The (12) missing 
row structure becomes more energetically favourable as it avoids the need to 
increase the number of broken bonds, whilst lowering the surface electronic density 
and retaining bulk cohesion [32]. The same mechanism can be used to explain how 
4d and 3d fcc metals can reconstruct to the (12) structure however this is only 
possible following the adsorption of a submonolayer of alkali metals [33]. Charge 
transfer from the adsorbed alkali layers to the surface causes an increase in the 
surface electronic charge density of the s-p electrons. This causes the surface 
structure to reconstruct to the energetically favourable (12) missing row structure 
in order to reduce the kinetic energy of the s-p electrons.  
 
3.3.2 Au(110) in the Electrochemical Environment 
 
There is now a good understanding of the complicated surface of Au(110) crystals in 
UHV environments thanks to the extensive range of techniques used to examine the 
Au(110) surface in UHV. Information on the Au(110) surface in electrochemical 
environments is significantly more difficult to acquire, primarily due to the presence 
of the electrolyte. Electrochemical STM is able to yield local real-space structural 
information. This technique was used by Gao et al. [34] to study the Au(110) 
electrode in aqueous perchloric acid (HClO4). This study showed that the Au(110) 
surface behaves similarly in the electrochemical environment to its behaviour in the 
UHV environment. A (12) surface structure was observed in STM for a potential 
corresponding to -0.3 V vs SCE, and the surface also contained small areas of (13) 
domains. The STM measurements also suggested that a relaxation occurs of the top 
and underlying layers of atoms in the (12) structure. At -0.3 V vs SCE the surface 
charge density will be negative, thus the (12) structure can be explained, as in 
UHV environments, as a need to reduce the surface kinetic energy, as the (12) 
structure offers a more energetically favourable structure. Goa et al. [34,28] found 
the transition to the unreconstructed (11) surface was achieved as the potential is 
made more positive. The transition occurred at 0.0 V vs SCE and within 2 seconds 
of changing the potential, and was shown to be largely reversible upon changing 
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back to a negative potential. The rapid and reversible nature of the (12) to (11) 
surface transition is attributed to the need for only short range motion of atoms and 
the low atomic density of the surface.  
A further electrochemical STM investigation of the potential dependent 
(12) reconstruction on Au(110) was performed by Magnussen et al. [35]: the 
Au(110) surface was examined in perchloric acid, HClO4 and sulfuric acid, H2SO4. 
The STM measurements showed a (12) surface structure with large terraces up to 
700 Å wide separated by sequences of closely packed monatomic steps, which 
mirrored the results observed in UHV environments. STM images also revealed the 
existence of homogenously distributed anisotropic Au islands found on almost 50 % 
of all terraces. The anisotropic islands consist of only a few atomic rows along the 
[1  

1 0] direction in (12) arrangement. The presence of these islands meant that 
large areas of perfect (12) domains were largely confined to the vicinity of step 
edges, where no Au islands are found. The domain boundaries between these Au 
islands consist of deep (13) troughs [35]. This observation of numerous anti-phase 
boundaries separating the (12) terraces implied that (13) domains play a crucial 
role in the phase transition, in agreement with work in UHV by Gritsch et al. [27]. 
The anti-phase structure results in a very stable configuration with (111) microfacets 
on both sides and a low kink density. The (12) surface reconstruction was 
observed at potentials below +0.05 V vs SCE, as the positive potential was increased 
to +0.25 V vs SCE the unreconstructed (11) surface is observed. The 
unreconstructed (11) surface was found to possess many isotropically shaped 
islands and holes each with a height or depth equivalent to an Au monolayer. STM 
measurements of the same surface area in a (12) reconstruction and a (11) 
structure revealed that the isotropic islands on the (11) were located in the same 
positions as the anisotropic Au island on a (12) surface, demonstrating the ability 
of the islands to be converted into each form. A roughening of the surface is 
observed at potentials of +0.8 V vs SCE and is explained by oxygen adsorption and 
the subsequent oxidation of the Au(110) surface.  
 Surface x-ray scattering (SXS) of Au(110) in electrolyte solution was used 
by Ocko et al. [36], to demonstrate the effect of potential on the surface structure. 
SXS results for Au(110) in HClO4 a (12) structure were observed at slightly 
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negative potentials. This structure consisted of small regions of (13) domains, as 
seen in electrochemical STM [34,35]. Changing the electrolyte solution to various 
salt solutions allows the effect of more negative potentials to be investigated, as 
hydrogen gas evolution starts at a more negative potential. At the more negative 
potentials achieved in salt solutions the surface was shown to adopt a (13) 
structure. As the potential was made increasingly more positive the surface structure 
changed to the unreconstructed (11), avoiding the (12) reconstruction, which 
was not observed at any stage of the transition from (13) to (11). Experiments in 
UHV have demonstrated that it is possible to form the (13) surface reconstruction 
following the adsorption of alkali metals, due to charge transfer from the adsorbed 
alkali to the Au surface causing changes to the energy distribution and so promoting 
the (13) surface structure [37]. Studies of Au(110) in electrochemical 
environments have shown potential induced surface reconstructions. At potentials 
slightly negative of the point of zero charge (PZC) the surface adopts a (12) 
reconstruction, when the potential is made positive the unreconstructed (11) 
surface is observed. Several studies of the Au(110) surface have shown a potential 
induced (13) surface structure, at sufficiently negative potentials, as shown in 
figure 3.4 [38-40]. The transition from the (13) to the (11) directly without an 
intermediate (12) structure is not fully understood.  
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Figure 3.4: Schematic of the Au(110) (13) surface structure 
 In this thesis the Au(110) surface is studied exclusively in the 
electrochemical environment, as this environment is closer to the natural 
environment of biological molecules than UHV. The discussion of literature 
investigating the mechanisms of the Au(110) surface reconstructions highlights the 
intricate nature of these phase transitions. It is important that investigations in UHV 
and electrochemical environments are referenced as it has been demonstrated that 
work in the two environments is similar. The understanding of the Au(110) surface 
transitions, particularly potential induced reconstructions, is critical if one is to gain 
an understanding of RA spectra of adsorbed molecules under potential control.  
 
3.4 The Electronic Structure of the Au(110) Surface 
 
The features observed in RA spectral profiles of a material originate from single 
particle excitations between states in the band structure of the material. Therefore it 
is important to have an understanding of the electronic structure of Au in order to 
interpret RA spectral profiles of this surface. A detailed description of the Au(110) 
electronic structure is beyond the scope of this thesis, and so only a brief outline of 
this field will be described in this section.  
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Figure 3.5: Calculated electronic structure of Au(110) (12) reconstructed surface. 
Reproduced from Xu et al.  [43].  
 
 The electroreflectance spectra (ERS) of Au(110) revealed an anisotropic 
spectrum of Au(110) and highlight the sensitivity of the optical electron energy 
states to the surface distribution of atoms [41]. ERS data from Au(111), Au(110) 
and Au(100) crystals were compared to theoretical data from self-consistent 
pseudo-potential calculations from the bulk and surface electronic structure of Au. 
This suggested the presence of surface states at certain symmetry points in the 
Surface Brillouin Zone (SBZ) [42]. Important points in the SBZ relevant to optical 
transitions are the , Y and X  points. The   point is found at the centre of the 
SBZ perpendicular from this and at the edge of the SBZ in the < 100 > direction  is 
the Y  point and similarly perpendicular from the   point but in the < 110 > 
direction is the X  point. The investigation by Liu et al. [42] identified a transition 
between surface states at the Y  point. However, this study does not account for the 
surface reconstruction and was based on a model of the unreconstructed (11) 
Au(110) surface. The difference between the surface electronic states of a (11) and 
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(12) is expected to be significant, since the reconstructed (12) involves the 
removal of half the atoms from the surface. Xu et al. [43] carried out self-consistent 
pseudo-potential calculations on a model (12) Au(110) surface, the calculated 
surface structure is shown in figure 3.6. 
  
 
Figure 3.6: Calculated surface structure of Au(110) (11) and (12) surface 
structure. Reproduced from Xu et al. [43] 
 
The data showed that the surface state assigned to the transition by Liu et al. 
[42] is not occupied on the reconstructed surface. These data were supported by 
photoemission measurements of the Au(110) (12) reconstructed surface [44], 
which agreed with the theoretical data presented by Xu et al. [43] and predict  
transitions between surface states at the   point. 
 
3.5 RAS of the Au(110) Surface  
 
In order to understand the origin of features in RA spectra it is useful to compare 
experimental data with theoretically simulated data. Theoretical simulation of 
experimental RAS data from first principles is not yet possible. However there have 
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been several attempts to link experiment with theoretical simulations of RA spectra 
of the Au(110) surface. 
 Mochán et al. [45] developed a theoretical model to describe the 
electromagnetic response of Ag(110) and Au(110) surfaces. They compared the 
theoretical data to RA spectra of Au(110) in ambient conditions. The model was 
based on surface-local-field effects (SLFE) and takes into account the contributions 
from d and s-p electrons as well as the lattice geometry of the surface. The 
theoretical results showed only a slight agreement with the experimental results. 
This however demonstrated that RAS is sensitive to surface effects of cubic crystals. 
A further model based on SLFE was later compared to RA spectra of Au(110) in 
UHV conditions [45]. In this work Hansen et al. [45] modelled data based on the 
reconstructed (12) and the (11) Au(110) surface. The modelled data was then 
compared to the experimental RA spectrum of the Au(110) (12) reconstructed 
surface. The (12) model was shown to be closer to the experimental data than the 
(11) model. However this again was not a convincing match. The theoretical data 
for the (12) and (11) show an increase in intensity of a predicted feature at 
~2.5 eV during the transition from (11) to the (12) surface. This feature of the 
(11) to (12) phase transition has been observed in experimental RAS studies of 
the Au(110) surface [14, 47-49]. A combined RAS and STM study of Au(110) by 
Mazine et al. [50] did not observe this increase at 2.5 eV, actually observing a 
decrease in intensity from (11) to (12). The Authors [50] produced the first RA 
spectra of Au(110) under electrochemical conditions and induced the surface 
reconstruction through potential control, allowing them to produce RA spectra they 
associated with the (11), (13) and the (12) surface structure. The RA spectrum 
of the (12) was described as the spectrum of a intermediate poorly reconstructed 
surface which consists of (13) domains. A second paper by the same Authors 
published in 2002 [51] also reported a decrease in intensity at 2.5 eV during the 
transition from the (11) to (12) reconstructed Au(110) surface. Mazine et al. [51] 
again produced very similar RA spectra which they associated with the (11), 
(12) and (13) reconstructed Au(110) surfaces. They presented this data as the 
‘optical fingerprint’ of the (13) and (12) structures, although the RA spectra look 
very similar to the RA spectra the Authors first reported in earlier work [50]. 
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Through more recent RAS experiments on the Au(110) surface, it has been shown 
that once the (13) surface has been adopted it is difficult to observe a pure (12) 
reconstructed surface structure. A pure (12) surface has consistently been 
observed with RAS after going from a (11) surface. Mazine at al. [50,51] held the 
crystal at -0.6 V in a (13) reconstruction before their experiments and this could 
account for disagreements in the labelling of the RAS of a (12) reconstructed 
Au(110) surface. The work of Sheridan et al. [49] produced RA spectra of the 
Au(110) (11) and (12) surface reconstructions in the electrochemical 
environment, which were in disagreement with the work of Mazine et al. [50,51]. It 
was suggested by Weightman et al. [52] that the inconsistency in the identification 
of the RA spectra for the Au(110) surface reconstructions arise from the differing 
morphology in the Au(110) surfaces used in each experiment. Recent experiments 
have shown a more detailed signature of the Au(110) surface reconstructions [1]. 
These are significantly different to the ones first reported by Sheridan et al. [49]. 
This can be attributed to differences in crystal preparation, improvements to the 
RAS equipment used and a different crystal supplier. 
 The work of Sheridan et al. [49] utilised UHV techniques LEED and STM in 
order to correlate changes in surface structure to observed changes in RA spectra. A 
wide negative feature, found in the spectral region of 3.7 eV to 4.5 eV of the RA 
spectrum, was shown to be particularly sensitive to surface roughness. The intensity 
of this feature was greatest after prolonged annealing, which produced a clear (12) 
LEED pattern and STM images that showed many monatomic steps oriented along 
the [1  

1 0] direction in the surface. The intensity of this feature decreased after a 
shortened annealing process. The LEED pattern of this surface showed a clear (12) 
reconstructed surface but the STM images showed a reduced number of monatomic 
steps [49]. The theoretical work of Xu [43] on the electronic structure of the 
Au(110) surface allowed Sheridan et al. [49] to associate features on the RA 
spectrum of Au(110) with transitions between surface states. The RA profile in the 
region 1.5 eV to 2.5 eV was attributed to contributions from a surface state and so is 
expected to be sensitive to the surface and electronic structure [41]. The 2.5 eV peak 
observed on the RA spectrum of Au(110) was associated with a transition at the Γ 
point between an occupied surface resonance of odd symmetry arising from d states 
 66 
of yz character to an even symmetry surface state of predominantly p character at 
~ 0.3 eV above the Fermi energy. The transition from a state of even symmetry and 
sp character to a surface state of odd symmetry and d character derived at ~ 1.6 eV 
above the Fermi energy, was attributed to the feature at 3.5 eV on the RA spectrum 
[49]. The fact that the states involved in this transition have significant contributions 
from the second layer of atoms means the higher energy feature found at 3.5 eV 
lacks surface sensitivity in comparison to the 2.5 eV feature.  
 The RA spectrum of a clean Au(110) (12) surface is shown in figure 3.7. 
The spectrum is characterised by a sequence of features, a positive feature between 
1.5 eV and 2.3 eV, large negative region between 2.5 eV and 3.5 eV with two 
prominent negative peaks at these two energies and a positive feature between 
4.0 eV and 5.0 eV. While the origin of some of these features have been discussed in 
terms of transitions between states in the electronic structure of the surface, the 
positive feature at 4.0 eV has been attributed to the presence of monatomic steps in 
the surface [49]. In a further study by Martin et al. [53] the effect of Ar 
bombardment on the surface morphology of Au(110) was studied by monitoring 
changes in the RA spectra and STM images as a function of increasing Ar 
bombardment. Martin et al. [53] showed large (12) reconstructed terraces 
terminated by long monatomic steps aligned along the [1  

1 0] direction on the clean 
Au(110) surface. The surface morphology after successive Ar ion bombardment was 
observed using STM. The surface had changed from well ordered terraces of (12) 
reconstruction and continuous monatomic steps to a rippled morphology of elevated 
islands and valley regions [53]. Figure 3.7 below shows the STM image and the 
corresponding RA spectrum of the clean Au(110) surface in UHV, reproduced from 
[53]. 
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Figure 3.7: (a) Contrast STM image of annealed Au(110) surface in UHV showing 
monatomic steps and large terraces associated with the (12) reconstruction. 
 
 
Figure 3.7: (b) RA spectrum associated with the crystal in a). 
 
The removal of the step structure as a result of Ar ion bombardment has also 
been reported in RAS studies of Cu(110) [54]. A similar effect was observed in RA 
spectra of the Au(110) surface: a large change was observed in the region of 3.0 eV 
and 5.0 eV after Ar ion bombardment, which was attributed to the changes in 
surface roughness of the Au(110) surface as a result of Ar ion bombardment. The 
authors [53] found a slight intensity decrease in the 2.5 eV peak, however the feature 
retained its definition, even after 36 minutes of bombardment and so is considered 
insensitive to surface roughness and the slight decrease in intensity was attributed to 
the loss of (12) reconstruction in some regions of the surface, due to the Ar ion 
bombardment, which is in agreement with the other studies of the (12) to (11) 
transition [14,47-49]. 
40 nm 
100 nm 
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 The effect of temperature on the Au(110) surface has also been monitored 
using RAS firstly by Stahrenberg et al. [55] and more recently by Martin et al. [56]. 
RA spectra were taken between the temperature range 300 K to 800 K [55] and 
300 K to 1000 K [56], the RA profile was characterised by features at 1.8 eV, 
2.52 eV, 3.52 eV and 4.50 eV and these features were monitored as a function of 
temperature (figure 3.8). The initial RA spectrum produced for a clean Au(110) 
(12) reconstructed surface is in good agreement with earlier work [49-53]. The 
feature at 1.8 eV appears to be independent of temperature as it remains unchanged 
for temperatures up to 1000 K. The feature at 2.5 eV in the RA spectrum on the 
other hand does change, the intensity of the feature decreases and the peak broadens 
with increasing temperature, increasing the temperature above 580 K results in a 
slight positional peak shift of this feature to higher energy. When the temperature is 
increased beyond TR ~ 800 K the feature at 2.5 eV is so broad and its intensity is so 
weak that it is difficult to distinguish from the background RA profile. The smooth 
decrease in RA intensity between 1.5 eV and 2.5 eV as the temperature is increased 
is consistent with the gradual increase in surface disorder during the phase transition 
from (12) to (11) structure [56]. The features at 3.5 eV and 4.5 eV change 
substantially as a result of increased temperature, both peaks shift to lower photon 
energies as the temperature was increased above 300 K. In addition to this positional 
shift both features also broaden and the similarity in behaviour of the two features 
suggested that they are closely related.  
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Figure 3.8: RA spectra of Au(110) as a function of temperature. Reproduced from 
[56]. 
 
 Martin et al. [56] analysed the results of the temperature dependent RA 
spectra using a model derived by Russow et al. [57] and found good agreement with 
a thermovariation spectroscopy study of Au, Ag and Cu which showed that the main 
features contributing to the bulk dielectric, εb, for Au are from interband transition in 
the vicinity of the L point of the Brillouin zone (BZ) [56]. The consistency of the 
thermovariation spectroscopy study [58] with the variation in temperature and RA 
profile changes [56] allowed the 3.5 eV and 4.5 eV features on the RA spectra to be 
assigned with specific transitions, the EF  L
u
1 and the L
’
2  L
u
1 respectively [56], 
thus establishing that the region between 2.5 eV and 4.5 eV on the RA spectrum of 
Au(110) is derived from contributions from surface modified bulk state transitions. 
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3.6 The Three Phase Model  
 
Interpreting RA spectra from first principles is difficult. The Jones matrix formalism 
[59] described in chapter 2 of this thesis is used to describe the state of polarisation 
of light as it passes through the RAS instrument components, however to interpret 
RA spectra it is necessary to understand why changes in the polarisation state of 
light occur. The difficulty in developing ab initio theoretical treatments derived from 
first principles lead to the development of a linear approximation of the reflectivity 
expressions present in multiphase stratified systems such as the interfacial surface 
region of the Au(110) crystal in electrochemical and vacuum environments [60] 
with further development of the model following by Cole et al. [61]. The model 
represents the reflecting surface as three regions with each region referring to an 
isotropic semi-infinite bulk in between ambient layers of anisotropic thin film 
surface layers, as shown in figure 3.9. 
 
Figure 3.9: Schematic of the three phase model. 
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3.6.1 The Dielectric Function 
The dielectric function of a material determines the interaction of light within the 
material. The three phase model is a simplified description of the interaction of light 
in three different media; the ambient/vacuum layer, the bulk of the sample and the 
surface of the sample. The dielectric function of the surface layer in the principle 
directions x and y  of the surface are ys and 
x
s. Due to the anisotropy of the surface 
these may not be equal and Δs is refered to as the surface dielectric anisotropy 
(SDA). The dielectric functions of the semi-infinite bulk and the ambient/vacuum 
layer are b and v respectively. A RAS signal arises when 
y
s ≠ 
x
s and the RAS 
equation can be expressed in terms of the dielectric functions by assuming that 
v = 1 and using the thin film approximation (d << λ) which allows the probing of 
optical properties of the sample surface at optical wavelengths, leading to:  
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where ω is the angular frequency and ħω is the photon energy. The RA spectra in 
this thesis are produced from the real part of the RAS signal, therefore equation 3.2 
is expressed in terms of the real parts: 
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where Δs = 
x
s - 
y
s.  
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3.6.2 The Lorentzian Transition Model 
Electric transitions in the surface are represented by Lorentzians. The bulk dielectric 
function, εb(w) is represented in by the terms  A(ω) and B(ω) defined as: 
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b
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
                                                  (3.4) 
 
A(ω) and B(ω) are thus determined by the bulk dielectric function, which itself is 
calculated from the expression  = N2 where N is the refractive index and derived 
from, N = n – ik, where n is the refraction coefficient and k is the extinction 
coefficient. Spectroscopic ellipsometry can be used to obtain the values of n and k 
for Au as a function of photon energy, and the work of Blanchard et al. [62,63] 
provides the values for the optical constants in the photon energy range of 1.41 eV 
to 4.96 eV while data from Paliks review [64] is used for photon energies greater 
than 5.0 eV. The real parts of equation 3.2 can be written in terms of the functions 
A(ω) and B(ω): 
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This equation allows RA spectra to be simulated in terms of the bulk optical 
properties of Au and a parameterised representation of surface electronic transitions. 
Simulation of the SDA is achieved by selecting appropriate values for energy, ωt, 
relative strength, S and the full width at half maximum (FWHM) Γ for transitions 
within the surface layer in the x and y direction. Each simulated transition has the 
Lorentzian form given by:  
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The shapes of the functions A(ω) and B(ω) are shown in figure 3.10. As a result of 
the change in data set, at 5.0 eV there is a small discontinuity is observed. 
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Figure 3.10: Line shape of the functions A(ω)(blue line) and B(ω) (red line). 
 
Simulations of RA spectra have been used in previous work [47], however 
simulations of this nature have not been used in the work reported in this thesis. 
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3.7 Spectral Signatures of the Surface Reconstructions of 
Au(110)/electrolyte Interfaces 
 
The earlier sections of this chapter have demonstrated the tendency of the Au(110) 
surface to reconstruct. It is therefore important to have a full understanding of the 
spectral signatures of the surface reconstructions in electrolyte solutions before it is 
possible to study and fully understand the effect of adsorbed molecules on the 
surface.  
 There has been some disagreement over identifying the RA spectral 
signatures of the Au(110) surface [49-53] which has been discussed previously. In 
this section the unique RAS profiles of the Au(110) (11) surface and the (12) 
and  (13) reconstructed surfaces are presented, resolving the controversy 
surrounding the identification of the RA spectral signatures. 
 RA spectra were taken in three different electrolyte solutions, H2SO4/Na2SO4 
(pH 1.2), HClO4/NaClO4 (pH 1.2) and NaClO4 (pH 6.1), the solutions were selected 
to investigate the effect of pH and by using H2SO4/Na2SO4 and HClO4/NaClO4 both 
at pH 1.2 the effect of anions on the Au(110) reconstructions was also investigated. 
RA spectra were produced in three separate experiments in the different electrolyte 
solutions, taken at applied potentials of 0.0 V, 0.3 V and -0.6 V, in that order to 
prevent irreversible changes [62]. The RA spectra produced in each experiment were 
taken on the RAS instrument described in chapter 2 and the Au crystal was prepared 
as described in chapter 2 of this thesis. The extreme sensitivity of the polarizer 
makes it difficult to accurately produce a zero RAS signal in different experiments. 
Therefore the RAS signals in each experiment are offset from each other on the 
vertical axis. Changes in the shape of the RA profile as a result of varying the 
potential are only of interest so the zero positions in each of the three sets of 
experiments have been shifted to coincide in the spectra shown in figure 3.11. The 
shift corresponds to very small uncertainties of the order of minutes of arc in setting 
the polarizer. The zero shifts have been applied to all spectra taken in each 
experiment and are indicated by an insert in figure 3.11: these shifts do not effect the 
intensity or shape of the RAS profiles. The RA spectra features observed at 0.0 V 
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are almost identical in all three electrolyte solutions. Two clear negative peaks are 
observed in the spectra at 2.6 eV and a more intense peak at 3.6 eV. The two peaks 
are separated by an almost linear negative slope. At -0.6 V again the RA spectra are 
almost all identical with only a slightly lower intensity of the 3.6 eV peak seen in the 
sulphate solution. The different electrolytes seem to have the biggest effect at 0.3 V, 
where the RA spectra in the three different solutions show significant differences 
below 3.6 eV: above 3.6 eV all three RA spectra are identical. The RA spectra 
observed in perchlorate solution at 0.3 V are very similar above 2.4 eV, below this 
energy the spectra have the same shape but adopt different intensities, whereas in 
sulfate solution the spectrum is shifted to more positive values between 2.0 eV and 
3.4 eV.  
 Differences between the RA spectra in the three electrolytes at the potentials 
0.0 V and -0.6 V occur predominately below 4.5 eV. As the potential is changed 
from -0.6 V to 0.0 V a sharpening of the negative peak at 3.6 eV is observed along 
with the emergence of a negative peak at 2.6 eV. There is also a decrease in intensity 
of the broad positive peak below 2.5 eV. The higher energy regions, above 3.6 eV 
have a very similar line shape in all three electrolyte solutions at 0.0 V and -0.6 V 
with the only difference observed as the potential was changed was in absolute 
intensity however a clear difference in the RAS shape at 5.5 eV was observed at 
0.3 V.  An earlier RAS study of the Au(110) surface by Sheridan et al. [49] 
associated this higher energy region of the RA spectrum with the presence of  [1  

1 0] 
orientated surface steps. It is therefore reasonable to associate changes in this energy 
region with variations in the number of surface steps produced by the annealing 
procedure. 
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Figure 3.11: RA spectra of Au(110) at -0.6 V, 0.0 V and 0.3 V in 0.1 M 
HClO4/NaClO4 (Δ), in 0.1 M NaClO4 () and in 0.1 M H2SO4/Na2SO4 (green line). 
The spectra have been offset on the y-axis in each electrolyte, this offset is 
demonstrated by the arrow in the top of the figure.  
 
As the potential is taken to 0.3 V the intensity of the broad positive feature 
below 2.5 eV decreases continuing the trend seen between -0.6 V and 0.0 V. The 
intensity of the peak at 2.6 eV decreases slightly and also broadens, while the 
intensity of the 3.6 eV peak is shown to increase. A steady positive increase in 
intensity is observed in the region of 4.5 eV with increasing photon energy at 0.0 V 
and -0.6 V potentials, which changes to a slow decrease in intensity at 0.3 V.  
At -0.6 V the RA spectra observed in all three electrolytes are assigned to the 
(13) reconstruction (figure 3.12). They are very similar to the RA spectra obtained 
by Mazine et al. [50,51] assigned to the (13) reconstruction. Data from in situ 
X-ray scattering by Tidswell et al. [39] showed the conditions in which a (13) 
 77 
reconstruction is adopted. Very similar RA spectra [65] to the ones observed at 
-0.6V in this study were observed in the conditions outlined by Tidswell et al. [39].  
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Figure 3.12: RA spectra of Au(110) at -0.6 V in 0.1 M HClO4/NaClO4 (Δ), in 0.1 M 
NaClO4 () and in 0.1 M H2SO4/Na2SO4 (green line). 
 
 An assignment of the (12) and (11) RA spectral signatures in sulfate 
electrolytes have previously been made by Mazine et al. [50, 51] at 0.0 V and 0.6 V 
vs Ag/AgCl reference electrodes respectively, the RA spectra produced in this work 
are significantly different to those. The RAS of the Au(110) (12) reconstructed 
surface has been observed in UHV many times. In the UHV environment it is 
possible to confirm the surface reconstruction with LEED which has been shown 
previously [55,67]. The RAS profiles of the (12) reconstruction in UHV are 
similar to the ones observed for all three electrolytes at 0.0 V in this work. 
Furthermore Magnessun et al. [35] observed with in situ STM measurements of the 
Au(110) surface in sulfuric acid and perchlorate electrolyte solution a (12) 
reconstruction between the potentials -0.3 V and 0.2 V. Therefore the RA Spectra 
observed in this work at 0.0 V in all three electrolytes can be assigned to the (12) 
reconstructed Au(110) surface (figure 3.13).  
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Figure 3.13: RA spectra of Au(110) at 0.0 V in 0.1 M HClO4/NaClO4 (Δ), in 0.1 M 
NaClO4 () and in 0.1 M H2SO4/Na2SO4 (green line). 
 
In situ STM experiments established that in sulfate electrolyte the Au(110) 
surface adopts a (12) reconstruction below 0.05 V and the (11) unreconstructed 
surface is observed at potentials above 0.25 V. The three RA spectra produced in 
this work at 0.3 V in the three different electrolyte solutions are different for each of 
the electrolyte solutions. The two RA spectra produced in perchlorate solution show 
a similar shape but a different intensity of the peak below 2.4 eV, whereas the RA 
spectrum produced in the sulfate solution is different below 3.4 eV, these more 
obvious differences being attributed to the different properties of the perchlorate and 
sulfate ions. The sulfate ion is a more strongly adsorbing anion than the perchlorate 
anion and the adsorption of sulphate has been shown to lift the (12) reconstruction 
to the unreconstructed (11) [35, 68-70]. Therefore it is more likely that the sulfate 
electrolyte will lead to the lifting of the (12) reconstruction to the (11) structure 
than the perchlorate electrolyte at the same potential. The RA spectral signature of 
the (11) unreconstructed surface is attributed to the 0.3 V RA spectrum in 
H2SO4/Na2SO4 shown in figure 3.14.  
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Figure 3.14: RA spectra of Au(110) at 0.3 V in 0.1 M HClO4/NaClO4 (Δ), in 0.1 M 
NaClO4 () and in 0.1 M H2SO4/Na2SO4 (green line). 
 
 The RAS profile of the Au(110) (11) structure is characterised by a line 
shape in which the peak at 3.6 eV is significantly more intense than the 2.6 eV peak. 
In sulfate solution changes in the RA spectrum are observed as low as 0.1 V as the 
potential is changed to more positive potentials, with the 3.6 eV peak reaching a 
maximum intensity when the potential is 0.3 V (figure 3.14). In the perchlorate 
solution, pH 1.2, different RA spectra are observed for this potential change, a slight 
increase in the 3.6 eV peak intensity at 0.2 V may indicate a (11) surface structure 
for some regions. However the RA spectrum assigned to the unreconstructed (11) 
surface is not observed at increasing positive potentials up to 0.6 V. The reason the 
RA spectra produced at 0.3 V in the three different electrolyte are not identical is 
attributed to the (12) reconstructed surface not being fully lifted in the perchlorate 
electrolyte solutions. This is consistent with the absence of strongly adsorbing 
anions in the perchlorate solution, which are present in the sulfate solution. The 
adsorption of anions has been shown to lift the (12) reconstruction to the (11) 
surface structure. The possible mechanism for the lifting of the (12) reconstruction 
has been discussed by Kolb et al. [70], who suggested the reconstruction could be 
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due to the adsorption anions or a consequence of the specific charge on the Au 
surface as a result of changing the potential. Distinguishing between these two 
mechanisms is extremely difficult. Magnessun et al. [35] commented that the 
presence of anionic adsorbates means that the two processes go hand in hand, as any 
change in surface charge is accompanied by the loss or gain of anionic adsorbates 
making the two processes difficult to distinguish. It is clear from the differences in 
RA spectra at 0.3 V that the presence of strongly adsorbing anions, as in the sulfate 
solution, is the dominant mechanism for the lifting of the (12) reconstruction. In 
the presence of weakly adsorbing anions as in the perchlorate solution it is the 
potential induced surface charge that is the main driving force of the phase 
transition. The effect of the different anions is clearly seen at 0.3 V. However the 
effect of pH is more subtle, though it is important to note that in NaClO4 and 
HClO4/NaClO4 electrolyte solutions of pH 6.1 and pH 1.2 respectively there are also 
differences in the RAS at 0.3 V, specifically in the intensity of the broad peak below 
2.4 eV. This difference is attributed to the change in pH, as the RA spectra are 
produced at the same applied potential and in solutions of the same anion. The 
differences are probably a result of the number of (12) regions which have not 
changed to the (11) surface structure on the Au(110) surface. The similarity of the 
RAS profiles at -0.6 V and 0.0 V compared to the differences at 0.3 V would 
suggest that there are more areas of (11) in pH 6.1 solution than in the pH 1.2 
solution of the same anion. This conclusion has been supported by evidence that the 
pH of the solution can effect the potential range in which the (12) reconstruction is 
observed [36,70]. 
 This identification of the RA spectral signatures of the (11), (12) and 
(13) reconstructed Au(110) surfaces is significantly different to those presented as 
optical signatures of the (11) and (12) reconstruction by Mazine et al. [50, 51]. 
The RAS profile for the (12) reconstructed surface presented here are similar to 
the RA spectrum observed in UHV of a Au(110) (12) surface structure confirmed 
in UHV by LEED. Mazine et al. [50] concluded from their STM measurements that 
the Au(110) surface showed a poorly reconstructed (12) surface structure. One 
reason for that study to yield a poor intermediate reconstructed surface could be the 
possible sequence in which the RA spectra were produced. If the electrode potential 
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was varied from -0.6 V to -0.2 V to 0.6 V, as it was for their STM measurements, 
then the (12) reconstruction may not have been produced fully due to an 
incompletely reversible phase transition from (13) to (12) reconstructions. It has 
been observed that the RAS profile for the (12) reconstruction is not fully 
reproduced after the electrode potential has been changed to an electrode potential 
that is only -0.1 V. Therefore it is reasonable for one to expect that the RA spectrum 
attributed to the Au(110) (12) reconstructed surface by Mazine at al. [50, 51] is a 
mixed surface structure of (12) and (13) regions. 
 The RAS profile attributed to the Au(110) (11) surface structure in this 
work is also different to the RA spectrum identified for the same surface structure by 
Mazine et al. [50,51]. In this work the RAS profile is characterised by a line shape 
in which the intensity of the 3.6 eV peak is significantly greater than the intensity of 
the 2.6 eV peak, whereas the RAS profile in the work of Mazine et al. [50,51] the 
3.6 eV peak is not as intense and the 2.6 eV peak has a comparable intensity. The 
RA spectrum associated with the (11) surface structure in this work was observed 
at an applied potential of 0.3 V. However the RA profile observed by Mazine et al. 
[50,51] was found at an applied potential of 0.645 V. Increasing the applied 
potential in the sulfate electrolyte from 0.3 V to 0.6 V and to 0.7 V for the 
perchlorate solution the three RAS profiles change and become very similar in both 
shape and intensity with a decrease in intensity of the 3.6 eV peak and a slight 
increase in intensity of the 2.6 eV peak observed (figure 3.15). The RA spectra at 
0.6 V and 0.7 V are very similar in shape to the RAS profile associated with the 
(11) surface structure by Mazine et al. [50,51]. This convergence of the RA 
spectra at higher potentials suggests there is a common process occurring at the 
interface, which is associated with the formation of an ordered layer of adsorbed 
anions, which is both independent of pH and the nature of the anion. The higher 
applied potential needed to create this RAS profile in perchlorate solution is 
consistent with the ions in that solution being weakly adsorbing, and so an increased 
potential is required for their adsorption in comparison to the strongly adsorbing 
sulfate ions. These RA profiles correspond to a surface structure influenced by an 
ordered layer of anions which results in an anion-induced (11) structure which is 
significantly different to the RAS profile of the (11) structure.  
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Figure 3.15: RA spectra of Au(110) at 0.6 V in 0.1 M HClO4/NaClO4 (Δ), in 0.1 M 
NaClO4 () and in 0.1 M H2SO4/Na2SO4 (green line). 
 
3.7.1 RA Spectral Signatures in 0.1 M NaH2PO4/K2HPO4  
 
RA spectra in 0.1 M NaH2PO4/K2HPO4 have been obtained at pH 7.1 and pH 7.2 
and are shown in figure 3.16. This slight change in pH causes a change in the RA 
profile at 0.0 V. The line shape of the RA spectra in each pH value is similar but the 
intensity of the 3.6 eV peak reduces when going from pH 7.1 to pH 7.2 whilst the 
peak at 2.6 eV increases slightly with the same change in pH. As this change in the 
RA profile is very similar to the change that is observed between the (11) surface 
structure and an anion-induced (11) surface structure, it is possible to conclude 
that as the pH is changed from pH 7.1 to pH 7.2 in the same anion solution and at 
the same potential, the change in pH causes the surface to adsorb anions and thus the 
observation of the RAS profile of an anion-induced (11) surface structure.   
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Figure 3.16: RA spectrum of Au(110) in 0.1 M NaH2PO4/K2HPO4 at pH 7.1 (blue 
line) and at pH 7.2 (pink line)  
 
 Further investigation of the effect of pH on the Au(110) surface is needed, 
and the pH value should be changed whilst using the same electrolyte solution, but 
this is beyond the scope of this thesis. However it is important to note the change 
observed in this electrolyte solution as the same solution is used for the adsorption 
of protein onto the Au(110) surface. 
 
3.8 Monitoring the Adsorption of Molecules at the 
Au(110)/Electrolyte Interface using RAS. 
 
This chapter has shown how the Au(110) surface has been studied in UHV and 
electrolyte conditions. The RAS technique has proved to be sensitive to the Au(110) 
surface reconstructions that can be induced by changes in temperature [56], 
potential, crystal preparation and pH. RAS can provide information on the kinetics 
of these reconstructions and has been used to identify the RA profiles of the Au(110) 
reconstructed surfaces. The detailed understanding of the Au(110) surface is an 
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essential prerequisite for its use as a substrate for the adsorption of molecules. This 
section will discuss the application of RAS to monitor the adsorption of molecules 
on the Au(110) surface. 
 RAS was first used to monitor the adsorption of pyridine on the Au(110) 
surface in the electrochemical environment [71]. RAS is a microscopic probe of 
macroscopic anisotropy and the resultant RA spectrum after the adsorption of 
pyridine [71] demonstrated that the molecule forms an ordered structure on the 
Au(110) surface. A disordered surface would yield a zero RAS signal. Changes in 
the RA spectrum after the adsorption of molecules on the surface can be associated 
with transitions in the molecule and information on these transitions is available 
from the absorption spectra of the molecule. The Authors [71] concluded that 
pyridine adsorbs through the N atom of pyridine onto the Au surface. A later 
investigation demonstrated that the RAS technique can distinguish between the 
adsorption of pyridine and two bipyridine species, 2,2´-bipyridine and 4,4-bipyridine 
[73]. Differences in the shape of RA spectra for each species of pyridine was 
attributed to the different orientation of each adsorbed species on the Au(110) 
surface, highlighting the sensitivity of the RAS technique.  
 The relationship between the optical axis of the Au(110) surface and the 
optical axes of transitions arising from adsorbed molecules can be used to establish 
the orientation of adsorbed molecules on the Au(110) surface. It has been shown by 
Weightman et al. [67] that the intensity of the RA spectrum of Au(110) varies as a 
function of cos2θ, where θ is the azimuthal angle between the plane of polarisation 
of the incident light and the crystal axis of the surface. This intensity dependence as 
a function of azimuthal rotation can be utilised to provide information on the 
orientation of adsorbed molecules on the Au(110) surface. If the plane of the 
adsorbed molecule is parallel to the Au(110) surface then the RAS intensity takes on 
a more complicated dependence on θ, as the RA signal is now a product of more 
than one optical axis, this dependence has been described in detail by Macdonald 
and Cole et al. [74]. As a consequence of this relationship, if the molecule is 
vertically orientated along one of the crystal axes of the Au(110) surface then the 
contribution from the molecular transitions will vanish at θ = 45˚ across the entire 
spectral range. Therefore the azimuthal rotation of the Au(110) surface with 
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adsorbed molecules is a powerful technique that provides information on the 
orientation of adsorbed molecules.  
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Figure 3.17: Structure of cytosine and cytidine 5´-monophosphate. 
 
The adsorption of the Deoxyribonucleic acid (DNA) base cytosine and 
cytidine 5´-monophosphate on Au(110) [3] produced two similar RA profiles, which 
implied that the molecules adsorb in a similar orientation. STM results showed that 
each molecule adsorbed at saturation coverage of the Au surface. The RA spectra of 
both cystosine and cytidine 5´-monophosphate vanishes at an angle θ = 45˚ which 
indicated that the molecules are orientated vertically on the Au(110) surface and 
aligned along one of the principle axes of the Au(110) surface. This information 
coupled with the similarity of the RAS of the two molecules made it extremely 
likely that both molecules adsorb on the Au(110) surface through the same 
mechanism, and the structure of the two molecules (figure 3.17) suggests that they 
adsorb via the lone pairs in the N and O atoms. Several studies of the adsorption of 
the nucleic acid adenine and adenosine 5´ monophosphate [7-9] (figure 3.18) 
showed that adenine adsorbs orientated vertically on the Au surface along the [1  

1 0] 
direction by bonding through the NH2 group and possibly N(7) [7-9].  
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Figure 3.18: Structure of adenine and adenosine 5´ monophosphate. 
  
The RA spectra of adenine were also shown to change as a function of 
concentration [8] and pH [9]. At lower concentrations it was also shown that 
sub-saturation coverage is achieved and even at this coverage the molecules adsorb 
in the same orientation [8]. 
RA spectra after the adsorption of the DNA bases of cytosine, adenine, 
cytidine 5´-monophosphate [3] and adenosine 5´-monophosphate [7], has revealed 
information on the orientation of these molecules adsorbed at the Au(110)/liquid 
interface. Sub saturation coverage of both adenine and cytosine was shown to have 
no effect on the orientation of the molecule on the Au surface [8,10]. RA spectral 
changes as a function of applied potential for adenine [7-9] and cytosine [10] have 
shown that adenine changes its orientation as a function of potential, whereas 
cytosine does not change orientation on the Au(110) surface but was found to freeze 
the Au(110) surface in the (11) surface structure. This observed difference in 
behaviour is attributed to the difference in the strength of the bonding of each 
molecule to the Au surface. The Authors [10] suggest that the cytosine molecule 
bonds through three sites, the NH2, the N(3) and O(8) to three Au atoms along the 
[1  

1 0] row, while the adenine molecule is known to bond via the N(7) site and 
possibly also the NH2 group at 0.0 V [7]. 
An important step towards studying larger biological molecules and proteins 
has been the study of amino acids adsorbed onto the Au(110) surface. It is important 
to understand the adsorption of amino acids as a precursor to monitoring the 
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adsorption of protein. The adsorption of three amino acids; cysteine, cystine and 
methionine have been monitored using RAS [2]. Cysteine contains a highly reactive 
sulfur containing functional group, which can form a disulfide bond with another 
cysteine to form cystine, whilst methionine contains a thiolether as shown in figure 
3.20. These thiol groups are found on the surface of proteins and interact strongly 
with surfaces to form strong bonds which can provide an anchor point for proteins to 
a surface.  
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Figure 3.20: Structure of (a) cysteine, (b) cystine and (c) methionine. 
 
The RAS investigation [2] suggested that the amino acids adsorb via the 
formation of a thiolate Au-S bond which is associated with an increase in intensity 
of a negative 2.5 eV peak. The authors [2] demonstrated how changes in the RA 
spectra are induced by variations in pH and voltage, the change in RA profile is 
associated with changes to the adsorption mechanism and orientation. A similar 
mechanism and response to voltage was observed for the adsorption of 
cysteine-tryptophan on the Au(110) surface [11]. 
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The adsorption of molecules is important for understanding the effect 
binding to a surface has on the structure of a molecule. The adsorption of 
single-stranded DNA and double-stranded DNA (ss-DNA and ds-DNA respectively) 
on Au(110) surface was also monitored with RAS [4]. The study showed that both 
ss-DNA and ds-DNA formed similar ordered structures on the Au(110) surface. At 
0.0 V the RA profiles are very similar for both forms of DNA, however there was 
significant increase in the RAS response for ss-DNA. This difference was linked to 
the different adsorption mechanisms: ss-DNA adsorbs through the bases, optical 
transitions of the bases can couple to the dielectric response of Au and cause an 
increase in the RAS intensity. The adsorption of ds-DNA is through the phosphate 
backbone, and this backbone shields the bases from interacting with the Au surface 
and therefore a lower intensity RA spectrum is produced. The study also 
demonstrated that the adsorption mechanism is sensitive to voltage and ss-DNA 
adsorbs through the phosphate backbone at +0.6V, as does ds-DNA, and at negative 
potentials both forms of protein desorb from the Au surface. A further study into the 
orientation of ds-DNA and ss-DNA [5] found that the optical axes of the molecules 
are aligned with that of the Au(110) surface.  
 The sensitivity of RAS to the orientation and dipole transitions of adsorbed 
molecules makes it an ideal instrument to study protein conformational change, the 
understanding of interactions of the amino acid cysteine with the Au(110) surface 
has shown that the molecule forms a strong Au-S bond at negative potentials [2].  
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Figure 3.21: Structure of decanethiol 
 
Previous research has demonstrated that a negative peak at 2.54 eV is a 
signature of the formation of the Au-S bond which has also been observed with the 
adsorption of decanethiol on the Au(110) surface [75]. The research reported in this 
thesis utilises this information and the strength of the Au-S bond by introducing 
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surface exposed cysteine molecules into the structure of the protein thus allowing a 
strong anchor point between the protein and the Au surface to be established. An 
earlier preliminary experiment utilising this technique showed that protein adsorbed 
onto the Au(110) surface by forming the thiolate-Au bond [6]. The adsorption of 
protein via the Au-thiolate bond has shown to anchor the protein to the Au surface in 
a specific predetermined orientation that allows the rest of the protein to function 
normally. This study showed that changes in the RA spectra of adsorbed protein as a 
function of potential could be associated to changes in the protein conformation. The 
work in this thesis goes a long way into identifying the coverage, orientation and 
interaction of the protein with the Au(110) surface and provides more information 
on possible conformational changes that are associated with changes in the RA 
spectra.  
 
3.9 Summary  
 
The Au(110) surface has been discussed in detail in this chapter both in terms of its 
physical and electronic structure. Research both in electrochemical and UHV 
environments have been discussed and summarised highlighting key experiments 
and studies. The (11), (12) and (13) surface reconstructions have been 
introduced and the transition between these surface reconstructions has been the 
focus of much research which has also been discussed in this chapter. Importantly 
the conditions in which the surface reconstructions are induced has also been 
explained, along with the introduction of the RA spectral signatures of each 
reconstruction which have been discussed in detail, highlighting the importance of 
the electrolyte solution, pH and potential. RA spectra have been shown to adopt an 
anion-induced (11) surface structure making the anion of the electrolyte an 
important factor to take into account.  
 Previous RAS experiments which have utilised the Au(110) surface as a 
suitable substrate for the adsorption of biological molecules demonstrate the 
reproducibility of the RA spectrum of the Au(110) surface and the sensitivity of the 
RAS technique to surface orientation of the adsorbed molecule. A thorough 
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understanding of previous RAS studies where biological molecules have been 
adsorbed onto the Au(110) surface is key to the development of the experimental 
procedures and techniques used throughout the research reported in this thesis.  
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Chapter 4  
 
 
Preliminary Studies of Protein 
Adsorbed at the Au(110)/Electrolyte 
Interface  
 
 
Two forms of mutant P499C cytochrome P450 reductase (CPR) have been adsorbed 
onto the Au(110) surface, the full length protein and a truncated form of the protein 
containing just the flavin adenine dinucleotide (FAD) domain. The mutant protein 
adsorbed through the surface exposed cysteine which form strong Au-S bonds. A 
series of electron transfer processes driven by variations in the potential applied to 
the Au(110) electrode have been monitored using RAS. The data presented in this 
chapter was produced following similar experimental procedures used in previous 
RAS experiments, were a full coverage of adenine and cytosine was adsorbed on the 
Au(110) surface. Further experimental data presented in later chapters of this thesis 
demonstrates that these techniques may not have resulted in the desired adsorption 
of a monolayer of the two mutant forms of P499C CPR. However the data discussed 
in this chapter is an important step in understanding the adsorption of P449C CPR 
onto the Au(110) surface, and describes the behaviour of the protein during the 
adsorption process and reports changes in the RA spectra of the adsorbed proteins as 
a result of changes in the applied electrode potential. 
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4.1 Introduction 
 
The reflection anisotropy spectroscopy (RAS) technique has been proven to be 
extremely sensitive to changes induced in the RAS of Au(110) after the adsorption 
molecules [1-10]. This sensitivity has been used to study changes in the RAS of 
cytochrome P450 reductase (CPR) adsorbed on the Au(110) surface as the 
molecules are adsorbed and as the potential applied to the electrode is varied. CPR, a 
78 kDa protein shown in figure 4.1, has a modular structure consisting of distinct 
redox domains: flavin adenine dinucleotide/nicotinamide adenine dinuctleotide 
phosphate (FAD/NADP) and flavin mononucleotide (FMN). Each domain is bonded 
to a flavin cofactor which, as part of the natural catalytic cycle is successively 
oxidised and reduced [11]. The tightly bound cofactors FAD and FMN, which 
catalyse electron transfer reactions, play an important role in delivering electrons to 
cytochrome P450 enzymes which catalyse the detoxification of a wide range of 
xenobiotics and drugs [12]. The electron transfer process is expected to be linked to 
domain motion [13-15]. The FMN domain is joined to the rest of the protein by a 
flexible peptide hinge. The crystal structure of CPR reveals a conformation ideal for 
interflavin electron transfer. However this conformation is less suitable for the 
subsequent transfer of electrons to large acceptor proteins. It is therefore suggested 
that domain motion plays a key role in the function of CPR during electron transfer 
processes. Evidence for these dynamic models have been explored using small angle 
X-ray scattering (SAXS), pulsed electron-electron double resonance (ELDOR) 
spectroscopy and high pressure and temperature jump studies of the kinetics of 
interflavin electron transfer [13-15]. 
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Figure 4.1: Molecular graphics ribbon diagram representation for the structure of a) 
cytochrome P450 reductase and b) the isolated FAD variant The Pro-499 residue 
that was targeted by site directed mutagenesis to produce the P499C variant is 
shown by the red sphere. The FMN-binding domain is shown in purple, the 
connecting domain in orange, and the FAD/NADP domain in blue. The FAD and 
FMN cofactors are shown as green sticks. 
 
The aim of these experiments is to use RAS to monitor these dynamic 
changes that are thought to be key to electron transfer processes in CPR. The 
molecule is adsorbed onto the Au(110) surface through a cysteine residue. X-ray 
crystallography provides structural information of the protein which has been used 
a) 
b) 
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to select a position to introduce surface cysteine residues. The variant form (Pro-499 
to Cys-499; P499C) of CPR was obtained by site-directed mutagenesis using 
‘forward’ and ‘reverse’ oligonucleotide primers. The mutated gene was completely 
sequenced to verify no illegitimate changes had taken place during the mutagenesis 
procedure. Cysteine was chosen as it has been shown to form a strong bond through 
the thiol group to the Au surface [4,5,9]. This bond acts as an anchor point on the 
protein and its position is carefully selected to ensure the protein adsorbed onto the 
Au(110) surface in an orientation that allows optimum potential to observe 
conformational events as the protein functions. Two forms of the protein have been 
investigated: the full length form containing both the FMN and FAD domain (full 
length CPR) and a truncated version containing only the FAD domain (FAD). The 
isolated FAD only version acts as a control as it is not expected to undergo any 
significant conformational events during the electron transfer process.  
The reduction potentials of CPR are revealed through redox potentiometry 
conducted on both wild type and mutant P499C full length CPR by titration and 
have been described previously [11]. Redox potentials for the flavin couples were 
calculated by global analysis of data obtained from reductive titrations of protein 
samples against dithionite under anaerobic conditions. This process was conducted 
at Manchester Interdisciplinary Biochemistry centre (MIB) as part of this research. 
The techniques used are not discussed as this is beyond the scope of this thesis. The 
redox potentials were shown to not be substantially different to those of the 
wild-type CPR as shown in tables 4.1 and 4.2. 
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Redox Potentials Oxidised 1e
-
 reduced 2e
-
 reduced 3e
-
 reduced 4e
-
 reduced 
Wild Type 0.036V -0.394V -0.504V -0.574V -0.744V 
P499C 0.056V -0.376V -0.465 -0.557V -0.652V 
Possible Redox States FMN 
FAD 
FMN 
FADH• 
FMNH• 
FADH• 
FMNH• 
FADH2 
FMNH2 
FADH2 
Possible Redox States  FMNH• 
FAD 
FMN 
FADH2 
FMNH2 
FADH• 
 
Possible Redox States   FMNH2 
FAD 
  
Table 4.1: The redox potentials for wild-type and the P499C variant of CPR are 
shown, as well as the possible sites for the electron, denoted by the , in the P499C 
full length CPR. 
 
Redox Potentials Oxidised 1e
-
 reduced 2e
-
 reduced 
P499C (truncated) 0.056V -0.492V -0.657V 
Possible Redox States FAD  FADH• FADH2 
Table 4.2: The redox potential for P499C variant of CPR as well as the possible sites 
for the electron, denoted by the , for the truncated FAD only version. 
 
The isoalloxazine ring within the flavin cofactors is successfully oxidised 
and reduced by accepting or donating electrons, and hydride ions are donated to the 
FAD from electron donor species NADPH. The FAD then in turn donates electrons 
to the FMN cofactor [16]. Figure 4.2 is a representation of the oxidation and 
reduction states of the isoalloxazine ring, showing the possible positions of the 
hydride ion, and the structure of both FMN and FAD are shown in figure 4.3. 
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Figure 4.2: Diagram showing the oxidation and reduction of the isoalloxazine ring. 
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Figure 4.3: Structure of a) FAD and b) FMN showing the isoalloxazine ring 
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4.2 RAS of the Au(110) Surface in 0.1 M NaH2PO4/K2HPO4  
 
The Au(110) surface was prepared following the technique and procedure outlined 
in section 2.4 of this thesis. The Au crystal was then immersed in 0.1 M 
NaH2PO4/K2HPO4 pH 7.1 buffer solution, which was made anaerobic by bubbling 
with argon gas prior to the insertion of the Au(110) crystal into the electrochemical 
cell. RA spectra of the Au(110) surface were produced at the redox potential for the 
corresponding variant of CPR prior to the adsorption of  CPR. The RAS technique is 
sensitive to surface states, steps and reconstructions [17,18,19,20] and the flame 
annealing process has been shown to affect the number of monatomic steps observed 
in STM images, which was shown to induce changes in the RAS [18]. Therefore 
careful control of the flame annealing process is necessary to maximise the 
reproducibility of RA spectra of the Au(110) surface. This is achieved by ensuring 
that the duration and sequence of the flame annealing process is consistently 
maintained. This strict and consistent Au preparation procedure results in accurately 
reproducible RA spectra of the Au(110) surface, indicating that a reproducible and 
well formed Au substrate surface structure can be produced prior to the adsorption 
of CPR.  
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Figure 4.4: RA spectra of the Au(110)  in 0.1 M NaH2PO4/K2HPO4 pH 7.1 at 0.0 V 
(dark blue line), 0.056 V (pink line), -0.376 V (green line), -0.465 V (turquoise line), 
-0.557 V (red line) and -0.652V (blue line) vs SCE 
 
 The RA spectra produced at an applied electrode potential of 0.0 V and 
redox potential 0.056 V correspond to an anion induced (11) surface structure, 
whilst at the negative redox potentials of -0.376 V, -0.465 V -0.557 V and -0.652 V 
the RA spectral signature of the (13) [21] is observed and shown in figure 4.4. 
This is an important observation and demonstrates that over the range of the redox 
potentials of the mutant CPR molecules the Au(110) surface undergoes a major 
surface reconstruction. 
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Figure 4.5: RA spectra of Au(110) in 0.1M NaH2PO4/K2HPO4 pH 7.1 at -0.652 V 
taken on five separate experiments over the course of 12 months.  
 
RA spectra of Au(110) produced at the applied potential of -0.652V on five 
separate occasions over a 12 month period are shown in figure 4.5, highlighting the 
reproducibility of the RA spectra. The overall RA spectral shapes obtained in 
different experiments are very similar and correspond to a (13) surface structure. 
The slight differences observed in the RAS profiles in figure 4.5 above 3.0 eV could 
be attributed to slight variations in the flame annealing procedure which has been 
shown to induce changes in the RAS [17-20]. Sheridan et al. [18] showed in an 
earlier RAS study that the RAS of the Au(110) surface is sensitive to the number of 
monatomic steps along the [1  

1 0] direction, therefore variations in the number of 
surface steps which are produced during the flame annealing procedure could also 
account for the slight variation in RAS profile observed in figure 4.5. 
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4.2.1 The Adsorption of P499C Full Length CPR onto the 
Au(110) Surface 
 
A dithiotheitol (DTT; 2 mM) protecting group supplemented during the purification 
of the mutant CPR is used to maintain the reduced form of the engineered cysteine 
residues when transferring the specimens between Manchester and Liverpool and 
also whilst in storage. This was removed by eluting on a column immediately prior 
to use in experiments. Previous RAS experiments have shown that the thiol of the 
cysteine forms a strong bond to the Au(110) surface at negative potentials [4,5,9]. 
The formation of this bond has been observed to result in the increase in intensity of 
the 2.54 eV negative peak in the RAS. To allow the mutant CPR molecules to 
adsorb via the formation of the Au-S bond between the mutant cysteine molecule 
and the Au surface, the protein was adsorbed onto the Au(110) surface at -0.652 V, 
which coincides with the potential at which the protein is in a fully reduced form. 
The Au(110) surface adopts a (13) structure at -0.652 V, which was confirmed by 
the observation of the RA spectral signature of this Au(110) surface structure. 
Protein was then added to the electrochemical cell whilst the applied potential was 
held at -0.652 V. After the addition of protein solution the RAS intensity of the 
2.54 eV peak was recorded as a function of time. The negative increase in intensity 
of this peak is associated with the formation of the Au-S bond and therefore signals 
the adsorption of CPR molecules onto the Au(110) surface. In previous RAS studies 
of the adsorption of cytosine, cytidine 5´-monophosphate and adenine [1,2,6], it was 
found that a full coverage was achieved upon saturation of the Au(110) surface. 
Therefore in the preliminary work discussed in this chapter, CPR was added to the 
electrochemical cell until the intensity at the 2.54 eV peak reached a maximum, at 
which point it was assumed that monolayer coverage of CPR had been achieved. 
The adsorption was monitored in this way as it is important to get as close to a full 
coverage of adsorbed protein on the Au(110) surface as possible in order achieve the 
maximum RAS signal from the adsorbed CPR molecules. However further 
experimental data presented in later chapters of this thesis demonstrates that the 
adsorption of CPR onto the Au(110) surface is sensitive to protein concentration and 
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the data in these preliminary experiments may not have resulted in a the desired 
monolayer adsorption of CPR. The data presented in this chapter is an important 
step in understanding the adsorption of P449C CPR onto the Au(110) surface, and as 
well as demonstrating that CPR appears to adsorb via the formation of the Au-S 
bond it also reports changes in the RA spectra of the adsorbed proteins as a result of 
electron transfer processes. 
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Figure 4.6: The RAS intensity at 2.54 eV monitored as a function of time measured 
after the addition of P499C full length CPR to the electrochemical cell at -0.652 V. 
Each curve corresponds to a separate experiment completed over a 12 month period. 
 
Figure 4.6 shows the increase in intensity of the negative peak at 2.54 eV, as 
a result of the adsorption of P499C full length CPR onto the Au(110) surface. The 
data is taken from 5 separate experiments produced over a 12 month period. The 
curves have been shifted on the y-axis to separate them for clarity. The difference in 
the time before the intensity starts to decrease in each curve is arbitrary and caused 
by variations between the point at which RAS intensity was recorded and the point 
at which the protein solution was injected into the electrochemical cell. The 
 106 
observed increase in intensity of the 2.54 eV peak is indicative of the formation of 
the Au-S bond and suggests that the protein has adsorbed via interaction between the 
engineered cysteine residue and the Au surface.  
 A similar initial negative increase in intensity between 600 and 
1200 seconds was observed in all the curves in figure 4.6. However after 1200 
seconds a much more varied behaviour in RAS intensity between the experiments 
was observed. The pink curve (figure 4.6) appears to plateau after 1200 seconds, 
before another slower more steady increase in intensity is observed after 2400 
seconds. This secondary process flattens out after 6600 seconds which was 
interpreted to signal that adsorption had finished. The red curve (figure 4.6) follows 
a similar shape to the pink curve with a secondary adsorption process also observed 
after an initial plateau in the RAS intensity. However the plateau between the two 
adsorption processes is shorter, only lasting ~300 seconds and the intensity then 
reaches a maximum after 4400 seconds. The overall intensity changes by ~ 6 units in 
both the pink and red curves (figure 4.6). The turquoise curve in figure 4.6 has a 
much slower and steadier initial increase in intensity than both the red and pink 
curves, the intensity plateaus after 2000 seconds after which a very subtle increase in 
intensity of only 0.5 units was observed before the RAS intensity maximised at 6500 
seconds. The blue curve again shows a slow initial increase in intensity, which starts 
to steady off after 1200 seconds before continuing to increase at a very slow rate 
until 7000 seconds. This increase in intensity of the blue curve (figure 4.6) is a much 
smaller and steadier increase in intensity, with an overall intensity increase of only 4 
units. The green curve is similar in overall shape to the turquoise curve, however 
again the overall increase in intensity observed was only ~ 3 units. 
 The data in figure 4.6 demonstrate that the adsorption process is complex, 
and appears to contain several stages. Monitoring the intensity change of the 
2.54 eV peak provides information on the formation of Au-S bonds between the 
engineered cysteine of CPR and the Au(110) surface. The differences between the 
curves in figure 4.6 highlight possible differences in the adsorption process, with a 
clear secondary process observed in the red and pink curves, and only a small 
overall increase in intensity observed in the blue and green curves. The strength of 
the 2.54 eV peak can be associated with the number of Au-S bonds formed [9], and 
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so the larger increase in intensity, seen in the pink and red curves could indicate a 
greater coverage of protein on the Au(110) surface. If this is the case, it 
demonstrates the difficulty in adsorbing a consistent coverage of CPR onto the 
Au(110) surface.   
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Figure 4.7: RA spectra of Au(110) at -0.652 V (pink line) and Au(110) + P499C full 
length CPR at -0.652 V (blue curve). 
 
 The adsorption of CPR onto the Au(110) surface gave rise to changes in the 
RA spectrum of Au(110). The resultant RA spectra after the addition of CPR 
indicated that CPR adsorbed in an ordered structure on the Au(110) surface. RA 
spectra taken immediately after the adsorption of CPR at -0.652 V are shown in 
figure 4.8. The coloured lines in this figure 4.8 are colour coded to correspond to the 
adsorption curves of the same colour in figure 4.6. RA spectra of Au(110) and 
Au(110) + CPR at -0.652 V are shown in figure 4.7. An obvious change in the RA 
spectrum of Au(110) after the adsorption of CPR was observed. The positive feature 
seen in the RA spectrum of Au(110) at ~ 2.0 eV is no longer observed after the 
adsorption of CPR. Instead an almost horizontal line close to the zero was observed. 
The emergence of a large negative peak at 2.54 eV was also observed, which is 
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assumed to be the signature of the formation of Au-thiol bond. After the 2.54 eV 
peak a steady positive increase in the RAS profile intensity connects the 2.54 eV 
peak to the 3.6 eV peak, which has decreased in intensity but become more 
prominent as a result of the adsorption of CPR. At higher energies, between 3.6 eV 
and 4.5 eV, the RA spectra of both the clean Au(110) surface and Au(110) + CPR, 
(figure 4.7) follow a similar RA spectral shape. The high energy feature at 4.6 eV 
increased in intensity after the addition of CPR, and the RAS profile then followed a 
slight negative slope until 5.5 eV. This is in contrast to a slightly positive slope 
observed between 4.6 eV and 5.5 eV in the RAS of the clean Au(110) surface. 
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Figure 4.8: RA spectra of Au(110) + P499C full length CPR at -0.652 V vs SCE in 
0.1 M NaH2PO4/K2HPO4 pH 7.1 produced in 5 separate experiments over a 12 
month period. The colours of the curves correspond to the same adsorption profile as 
shown in figure 4.6. 
 
The data shown in figure 4.6 showed differences in the RA intensity profiles 
at 2.54 eV during the adsorption of CPR onto the Au(110) surface. It was suggested 
that these differences could relate to variations in the adsorbed protein coverage and 
orientation on the Au(110) surface. Figure 4.8 shows the RA spectra produced 
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immediately after the adsorption of CPR in the same experiments at -0.652 V. The 
RA spectra in figure 4.8 follow a similar spectral shape but clear variations in the 
intensity of features were observed. These differences echo the differences seen in 
the adsorption spectra (figure 4.6), and support the theory that the changes observed 
between each experiment are the result of a different coverage of CPR molecules on 
the Au(110) surface. This demonstrates the difficulty in producing a consistent 
reproducible coverage of adsorbed CPR molecules on the Au(110) surface, despite 
following the same procedures and techniques for each experiment.  
The differences in the intensity of the 2.54 eV peak observed between 
experiments in figure 4.8 is associated with the number of Au-thiol bonds between 
the Au(110) surface and the engineered cysteine molecule on CPR. The intensity of 
the 2.54 eV peak was linked to the coverage of adsorbed decanethiol in previous 
RAS studies [9]. The study found that an increased intensity of the 2.54 eV peak 
was observed in conjunction with a corresponding decrease in RAS intensity of the 
3.6 eV peak. Therefore the observed reduction in intensity of the 3.6 eV peak after 
the adsorption of CPR, as shown in figure 4.7 may also be a feature of adsorbed 
CPR. 
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Figure 4.9: RA spectra of Au(110) + CPR in 0.1 M NaH2PO4/K2HPO4 pH 7.1 at  
0.056 V (pink line), -0.376 V (green line), -0.465 V (turquoise line), -0.557 V (red 
line) and -0.652V (blue line) vs SCE. 
 
 The RA spectral shape of Au(110) + CPR produced at the applied potentials 
-0.652 V, -0.557 V, -0.465 V and -0.376 V are all very similar (figure 4.9), with 
only a very slight decrease in overall intensity observed as the potential was changed 
towards increasingly positive potentials. The RA spectrum of Au(110) + CPR 
obtained at 0.056 V however, shows a more obvious change in RAS profile, with the 
decrease in intensity of the 2.54 eV peak and an increase in the 3.6 eV peak 
observed at 0.056 V. The Au(110) surface is known to reconstruct from the (13) to 
anion induced (11) surface structure as the potential is changed from the negative 
potentials to 0.056 V [21]. This same change in applied potential induced the largest 
change in the RA spectral shape of Au(110) + CPR. It is therefore possible that the 
observed change in the RA spectral shape of Au(110) + CPR at 0.056 V is 
associated with a change in the Au(110) substrate surface structure. However the 
RA spectral signature of the Au(110) (11) surface is very different to RA spectral 
shape of Au(110) + CPR observed at 0.056 V. The potential induced surface 
reconstruction of Au(110) from (13) to the anion induced (11) gives rise to a 
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negative increase in RAS intensity across the full spectral range. Whereas the same 
change in applied potential after the adsorption of CPR gives rise to a positive shift 
in RAS intensity below 2.6 eV and a negative increase above this point, it also sees 
the reduction of the 2.54 eV peak intensity, as shown in figure 4.10. 
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Figure 4.10: RA spectra of a) clean Au(110) at -0.652 V(blue line) and 0.056 V 
(pink line) and b) after the adsorption of full length CPR at -0.652 V (blue line) and 
0.056 V (pink line) all recorded in 0.1 M NaH2PO4/K2HPO4 pH 7.1. 
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The RA spectra recorded after the adsorption of CPR (figure 4.9) can be 
considered as the product of RAS contributions from the Au(110) substrate and the 
adsorbed protein. The differences in RA spectral shape as a function of potential 
could therefore be attributed to changes in the orientation and conformation of the 
adsorbed CPR molecules and slight changes in the Au(110) surface structure. A 
deeper investigation into the effect of changing the potential is discussed in a later 
section of this chapter.  
The changes induced in the RA spectra of Au(110) after the adsorption of 
CPR can be more clearly observed following the subtraction of the RA spectra of the 
clean Au(110) surface. The resultant RA spectra are considered to be the RAS 
contribution from the adsorbed CPR: this methodology has been used in previous 
RAS experiments following the adsorption of molecules onto the Au(110) surface 
[1-10]. RA spectra of CPR as a function of applied potential have been produced 
and are shown in figure 4.11. The RA spectra of CPR at negative potentials follow a 
very similar spectral profile, however a significant change in both spectral shape and 
intensity was observed at 0.056 V (figure 4.11). The main changes observed in the 
RA spectra of CPR at negative potentials saw a gradual positive shift in intensity 
with the softening of the 2.5 eV shoulder and slight shift of the small positive feature 
at 3.2 eV to 3.4 eV as the potential was changed in order from -0.652 V to -0.376 V. 
These slight variations in spectral shape observed between the negative redox 
potentials could be attributed to a change in conformation or orientation of the 
adsorbed CPR molecules. Significant changes in the RA spectral shape and intensity 
were observed across the full spectral range of CPR at 0.056 V as shown in figure 
4.11. This large change in spectral shape observed at the applied potential of 
0.056 V could be due to the Au(110) surface undergoing a reconstruction and 
causing a large change in the orientation of the adsorbed CPR molecules. However 
the adsorbed protein would be in a fully oxidised state at this potential and is 
expected to undergo a large change in conformation, with the adsorbed CPR 
molecules expected to adopt a more compact and rigid structure at this potential 
[14,15]. It is therefore possible that the large changes observed in the RA spectra of 
CPR at an applied potential of 0.056 V could be the result of a natural change in 
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conformation of the adsorbed CPR molecules, rather than a change in orientation 
induced by a surface reconstruction of the Au(110) substrate.  
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Figure 4.11: RA spectra of the P499C full length CPR in 0.1 M NaH2PO4/K2HPO4 
pH 7.1 produced by subtraction of the RA spectra of Au(110) from Au(110) + 
P499C full length CPR at corresponding potentials , 0.056 V (pink line), -0.376 V 
(green line), -0.465 V (turquoise line), -0.557 V (red line) and -0.652V (blue line) vs 
SCE. 
 
 It has been shown in previous RAS studies that molecules adsorbed at the 
Au(110)/electrolyte interface can prevent the Au(110) surface from reconstructing 
[22]. Mansley et al. [22] showed that the adsorption of cytosine on the Au(110) 
surface in a (11) surface structure prevented the reconstruction to the (12) and 
(13) surface structures as the applied potential was changed. It is possible that the 
adsorption of CPR on the Au(110) surface causes a similar effect, freezing the 
Au(110) surface in the (13) reconstruction which is the surface structure at which 
the protein was adsorbed. This view is supported by the fact that there was no 
evidence of the RA spectral signature of the (11) surface structure at 0.056 V after 
the adsorption of CPR. To test this hypothesis figure 4.12 shows the effect of 
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subtracting the RA spectrum of Au(110) at -0.652 V from the spectra of Au + CPR 
at all the redox potentials, replicating the effect of a frozen (13) substrate surface. 
Following this subtraction the spectra of CPR at all potentials follow a very similar 
spectral profile, although changes in intensity are observed as a function of applied 
potential, with significant changes in the intensity observed at 0.056 V. The 
similarity of the spectra suggests that there is some evidence that the adsorption of 
the protein freezes the Au(110) surface at negative potentials. If the Au(110) 
substrate is frozen then the changes in RAS intensity as a function of applied 
potential observed in figure 4.12 could be attributed to a change in conformation or 
orientation of the adsorbed molecules. This is discussed further in later chapters.  
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Figure 4.12: RA spectra of the P499C full length CPR in 0.1 M Na2HPO4/K2HPO4 
pH 7.1 produced by subtraction of the RA spectra of Au(110) at -0.652 V from RA 
spectra of Au(110) + P499C full length CPR at all potentials, 0.056 V (pink line), 
-0.376 V (green line), -0.465 V (turquoise line), -0.557 V (red line) and -0.652V 
(blue line) vs SCE. 
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4.2.2 The Adsorption of Isolated P499C FAD Variant onto 
the Au(110) Surface 
 
The isolated mutant FAD domain of the CPR protein which does not contain the 
FMN domain, was also adsorbed onto the Au(110) surface. This was achieved by 
following the same procedures used for the adsorption of the full length version of 
mutant CPR. Again the RAS intensity at 2.54 eV was monitored as a function of 
time during the adsorption of isolated FAD, as a signature of the formation of the 
Au-S bond. The RAS intensity at 2.54 eV during the adsorption of isolated FAD 
onto the Au(110) substrate in three separate experiments is shown in figure 4.13 and 
have been shifted on the y-axis for clarity. 
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Figure 4.13: RAS intensity at 2.54 eV as a function of time measured during the 
adsorption of P499C FAD. 
 
The FAD only variant of CPR was injected into the electrochemical cell at 
the applied potential of -0.657 V, inducing the fully reduced state of the protein and 
a (13) Au(110) surface structure. The intensity of the 2.54 eV peak was monitored 
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for 2 hours, similar to the adsorption of full length CPR. During this 2 hour period 
the RAS intensity reached a maximum and plateaued indicating that no more Au-S 
bonds were being formed and that a full coverage of protein on the Au surface had 
been achieved. The adsorption curves in figure 4.13 appear to follow a two stage 
adsorption process, where a fast initial negative increase in intensity is followed by a 
slower steadier increase in intensity. The two stages appear to be separated by a 
region in which the intensity remains constant. As with the adsorption dynamics of 
full length CPR, shown in figure 4.6, there are some differences in adsorption 
dynamics of FAD between experiments. The secondary increase in intensity is 
clearly greater in the blue curve (figure 4.13). The two stage adsorption process 
could be associated with the initial adsorption of the protein via the formation of 
Au-S bonds followed by a slower organisation process caused by interactions 
between the protein molecules. 
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Figure 4.14: RA spectra of Au(110) + FAD at 0.056 V (pink line), 
-0.492 V (turquoise line) and -0.657 V (blue line). 
 
 RA spectra of the Au(110) + FAD produced at -0.657 V, -0.492 V and 
0.056 V redox potentials follow a similar line shape. As the potential is changed 
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from -0.657 V to -0.492 V and finally to 0.056 V a decrease in intensity between 
1.5 eV and 3.0 eV is observed whilst an increase in negative intensity between 
3.0 eV and 5.5 eV is also observed, as shown in figure 4.14. The decrease in 
intensity is clearly observed at the lower energies and specifically at the 2.54 eV 
peak, whilst the increase in intensity in the higher energy regions is much more 
subtle.  
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Figure 4.15: RA spectra of Au(110) + FAD at -0.657 V, data produced during 3 
separate experiments completed over a 12 month period. The colours of the curves 
correspond to the same adsorption profile shown in figure 4.13. 
 
The RA spectra shown in figure 4.15 were produced immediately after the 
adsorption of FAD onto the Au(110) surface and were recorded during the same 
experiments that gave rise to the adsorption spectra discussed earlier in figure 4.13. 
The RA spectral profiles shown in figure 4.15 were all recorded at -0.657 V and, 
although they follow a similar spectral shape, there are clear differences in the 
intensity of the features at 2.54 eV, 3.6 eV and 4.6 eV between each of the spectra. 
The differences in the intensity of these features could be due to slight variations in 
sample orientation or in the Au(110) surface structure between experiments, caused 
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during the flame annealing process. However the difficulty of producing consistent 
identical RA spectral profiles after the adsorption of FAD demonstrates the 
difficulty in achieving saturation coverage of adsorbed molecules on the Au(110) 
surface, which could account for the variation in intensities of features observed in 
the RAS shown in figure 4.15. The similarities between the RA spectra obtained 
after the adsorption of full length CPR and isolated FAD suggests that both variants 
of CPR adsorb in similar orientation on the Au(110) surface. 
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Figure 4.16: RA spectra of the FAD only variant CPR in 0.1 M NaH2PO4/K2HPO4 
pH 7.1  produced by subtraction of the RA spectra of Au(110) from the RA spectra 
of Au(110) + P499C FAD CPR at corresponding potentials, 0.056 V (pink line),  -
0.492 V (turquoise line) and -0.657V (blue line) vs SCE. 
 
 Subtracting the RA spectra of Au(110) from the RA spectra of 
Au(110) + FAD reveals the RA spectra attributed to the isolated FAD variant of 
CPR: these spectra are shown in figure 4.16. The shapes of the two RA spectra 
produced at negative potentials are very similar to each other, with only a slight 
change in intensity observed. However after the potential was changed to the 
positive 0.056 V redox potential, a large change in spectral intensity and shape was 
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observed, as shown in figure 4.16. As with the full length CPR system the 0.056 V 
potential relates to the fully oxidised state of the protein as such the large change in 
spectral shape observed at this potential could be associated with a change in 
conformation of the adsorbed protein molecules. However the isolated FAD variant 
of CPR is expected to be less dynamic and is not expected to undergo large 
conformational events like those expected in the full length CPR system. As 
discussed after the adsorption of full length CPR in the previous section the 0.056 V 
applied potential is also known to induce a surface reconstruction of the clean 
Au(110) surface, and it is unclear if the adsorption of protein prevents the Au(110) 
substrate from reconstructing. Without this knowledge it is possible that the 
observed change in spectral shape at each potential (figure 4.16) could be attributed 
to the Au(110) surface reconstruction. On the other hand if the adsorption of FAD 
does prevent the Au(110) surface from reconstructing, then the difference between 
the spectra in figure 4.16 could be artificially exaggerated by the subtraction of the 
RAS of Au(110) in an anion induced (11) structure from the RAS of Au(110) + 
FAD at 0.056 V on a (13) substrate, making the majority of this subtraction the 
difference between an anion induced (11) and (13) surface structure with a 
small contribution from the adsorbed molecule. 
The effect of a frozen substrate has been investigated by subtracting the RA 
spectrum of the clean Au(110) surface produced at -0.657 V from all the  RA spectra 
of Au(110) + FAD produced at the applied potentials  of -0.492 V, -0.657 V and 
0.056 V (figure 4.17). The RA spectra of FAD produced after this subtraction all 
follow a very similar shape (figure 4.17). The largest change in intensity is observed 
between approximately 1.8 eV and 2.5 eV between the spectrum produced at 
0.056 V and the spectra produced at the negative potentials -0.492 V and -0.657 V. 
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Figure 4.17: RA spectra of the FAD only variant CPR in 0.1 M Na2H2PO4/K2HPO4 
pH 7.1 produced following the subtraction RA spectra of Au(110) at -0.657 V from 
the RA spectra of Au(110) + P499C FAD CPR at all redox potentials, 0.056 V (pink 
line),  -0.492 V (turquoise line) and -0.657V (blue line) vs SCE. 
 
 The similarity of RA spectra in figure 4.17 suggest that the adsorption of 
isolated FAD prevents the reconstruction of the Au(110) surface. This effect was 
also observed with the adsorption of the full length variant of CPR (figure 4.12) and 
is discussed in depth in a later chapter of this thesis.   
 
4.2.3 Summary of the Adsorption of Variant CPR onto the 
Au(110) Surface  
 
The work presented in the previous two sections of this chapter has demonstrated 
that both variant forms of CPR adsorbed in an ordered structure on the Au(110) 
surface and induce changes in the RA spectrum of the clean Au(110). Monitoring 
the intensity of the 2.54 eV peak as a function of time during the adsorption process 
suggests that the protein adsorbs onto the Au(110) surface via the formation of Au-S 
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bond formed between the thiol group of the mutant engineered cysteine in the 
protein, and the Au(110) surface[4,5,9]. The rate at which intensity of the 2.54 eV 
peak changed during the adsorption of full length CPR and isolated FAD appeared 
to vary between experiments (figures 4.6 and 4.13). These differences could be 
attributed to variations in the adsorption process, which may result in a difference in 
the coverage [9], orientation and alignment of the adsorbed molecules on the 
Au(110) surface between experiments. This is supported by differences in the RA 
spectra recorded immediately after the adsorption of CPR and isolated FAD 
observed between experiments, as shown in figures 4.8 and 4.15. The adsorption of 
a consistent ordered monolayer of protein on the Au(110) surface is an important 
prerequisite to monitoring conformational change in CPR, and has been investigated 
further using QCM-D. This is discussed in detail in a later chapter of this thesis.  
 
4.3 Preliminary Investigation of the Effect of Switching the 
Applied Potential on the RAS of Adsorbed Protein  
 
The difficulty in calculating the RAS of adsorbed molecules on surfaces from first 
principles prevents a fundamental interpretation of spectral features observed in RA 
spectra. Consequently the work discussed in this thesis concentrates on interpreting 
changes in the RAS which were induced by varying the applied electrode potential. 
Previous work by Messiha et al. [10] has already demonstrated the potential of the 
RAS technique as a real time monitor of conformational events in proteins. A 
similar approach to the one adopted by Messiha et al. [10] has been utilised in this 
work to interpret changes in RA spectra as a function of the applied electrode 
potential. Electrochemical techniques allow accurate control of the applied electrode 
potential which makes it possible to cycle the applied potential between the known 
redox potentials of the two CPR variants. The sensitivity of the RAS technique to 
dipole transitions means that changes in the orientation of adsorbed molecules is 
expected to induce changes in the RA spectrum. The intensity of dipole transitions 
observed in RA spectra is determined by the geometrical relationship between the 
direction of the dipole transition and the electric field vector (E) of the incoming 
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polarised light. Therefore changes in RA spectral features can be associated with a 
change in orientation of the adsorbed molecules provided there are no other 
influences on the spectral profile. 
A range of interflavin electron transfer rates of CPR in solution have been 
measured using t-jump spectroscopy [11,15]. The relatively slow rates of 55 s
-1
 and 
20 s
-1
 that were observed in that work suggest that the rate of interflavin electron 
transfer is limited by the rate of conformational change. UV-visible spectra of CPR 
from 300 to 700 nm (4.1 to 1.7 eV) produced from reduced and oxidised CPR in 
solution produced in anearobic stopped-flow diode array data by Brenner et al. [23] 
are shown in figure 4.16. Changes in the absorption spectra were induced by mixing 
stoichiometric amounts of NADPH to oxidised CPR [23]. The reduction of oxidised 
CPR molecules induced a large change in the UV-visible spectrum, between 
~ 370 nm and 460 nm as shown in figure 4.18. The large change observed at 460 nm 
(2.7 eV) coincides with maximum absorption of the isoalloxazine rings [24-28]. As 
each flavin domain contains an isoalloxazine ring, and conformational events are 
expected to involve the relative motion of the two domains, monitoring changes in 
RAS intensity at 2.7 eV as a function of applied potential is expected to provide 
information on conformational events involving relative domain motion in CPR 
during electron transfer processes. 
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Figure 4.18: Absorbance spectra produced during stopped-flow experiments, where 
stoichiometric amounts of NADPH were mixed with oxidised CPR in solution. 
Absorbance spectra corresponding to oxidised (red line) and fully reduced (black 
line) CPR as shown in table 4.1. Data reproduced from [23]. 
 
 After the adsorption of P499C full length CPR onto the Au(110) surface in a 
preliminary experiment, the applied electrode potential was cycled between the 
redox potentials of CPR. The electrode potential was changed every 60 seconds 
starting at the fully reduced potential of -0.652 V and then changed in order to 
-0.557 V, -0.465 V, -0.376 V and 0.056 V. The potential was then changed back 
down in reverse order to -0.652 V. The RAS intensity monitored at 2.7 eV as a 
function of these changes in the applied potential is shown in figure 4.19.  
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Figure 4.19: Changes in peak intensity of the RAS of Au(110) + full length CPR as 
a function of time recorded at 2.7 eV, as the potential is cycled through -0.652 V, 
-0.557 V, -0.465 V, -0.376 V and 0.056 V at 60 second intervals, marked by arrows. 
 
The data in figure 4.19 is extremely noisy and determination of the absolute 
RAS intensity at each potential is difficult. However the RAS intensity appears to 
increase in steps which correspond to changes in the applied potential, the reverse 
change in RAS intensity is observed as the potential is cycled back through the 
redox potentials. This behaviour reveals that the RAS intensity changes in stages as 
the potential is changed, which is consistent with the idea that the adsorbed CPR 
molecules adopt several conformations on a fast time scale rather than a smooth 
continuous change in conformation between the fully reduced and oxidised states. 
Comparisons of the final and initial RAS intensity observed at an applied potential 
of -0.652 V (0-60 seconds and 480-540 seconds figure 4.19) appear to be very 
similar before and after stepping through all the redox potentials. This indicates that 
the reaction is reversible and that no permanent changes occurred during the 
oxidation and reduction of the adsorbed CPR molecules. However the RAS 
intensities at other potentials do not appear to show the same reversibility. For 
example the intensities at -0.376 V before and after the potential was changed to 
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0.056 V between 180-240 seconds and 300-360 seconds in figure 4.19 are clearly 
different. The RAS intensity increased by ~ 0.07 units as the potential was changed 
from -0.376 V to 0.056 V, whereas the reverse potential step saw the RAS intensity 
decrease by ~ 0.16 units. Clearly the direction of the potential step influences the 
observed change in RAS intensity. This could imply that, depending on the direction 
of the potential change, the CPR molecules adopt different conformations provided 
all other influences on the intensities are negligible. 
The data in figure 4.19 demonstrates that there is a considerable amount of 
noise in the RAS response at 2.7 eV as a function of applied potential. To improve 
the signal to noise, the RAS intensity was monitored as the applied potential was 
stepped between two redox potentials every 60 seconds repeatedly. This allowed the 
RAS intensity obtained from several repeated potential steps to be averaged which 
significantly improved the signal to noise ratio. All possible combinations of 
potential steps were investigated initially before the potential step from -0.465 V to 
0.056 V was chosen to be monitored as a function of repeated potential steps. This is 
a good choice for observing conformational events as this potential step induces a 
reversible two electron transfer process from the 2 electron reduced state at -0.465 V 
to the fully oxidised species of CPR at 0.056 V and is expected to be accompanied 
by a change in conformation. This potential step is also of interest as the -0.465 V 
potential induces the 2 electron reduced species of CPR which can exist in three 
possible redox states, as shown in table 4.1. An example of the observed changes in 
RAS as a function of the stepping between the applied potentials -0.465 V and 
0.056 V is shown in figure 4.20. Several scans similar to the one shown in figure 
4.20 were produced in each experiment to provide a sufficiently large data set from 
which the average change in RAS intensity can be obtained. 
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Figure 4.20: Change in RAS intensity of Au(110) + full length CPR at 2.7 eV, as a 
function of changing the applied potential between -0.465 V and 0.056 V every 60 
seconds. 
 
 The RAS intensity as a function of this repeated potential step has been 
studied at two energies, 2.7 eV which corresponds to the isoalloxazine rings [24-28] 
and 2.54 eV which is associated with the Au-S bond [4,5,9]. The intensity was 
monitored at these energies during the potential steps for the clean Au(110) surface 
and following the adsorption of both full length CPR and isolated FAD. The data 
shown in figure 4.21 shows the average RAS intensity and a 5 point smoothing of 
this average at 2.7 eV and 2.54 eV as the potential was changed from -0.652 V to 
0.056 V at 60 seconds for the clean Au(110) surface and after the adsorption of full 
length CPR and isolated FAD onto the Au(110) surface.  
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Figure 4.21: Average RAS intensity over 50 steps(red line) and the 5 point smoothed 
averaged (blue line) at a) 2.7 eV and b) 2.54 eV for 1) Au(110) + full length CPR, 2) 
Au(110) + isolated FAD and 3) the clean Au(110) surface as a function of stepping 
the potential from -0.465 V to 0.056 V at 60 seconds. The data in each chart have 
been shifted on the y-axis for clarity. 
 
 As the applied potential was changed to 0.056 V a rapid change in the RAS 
intensity was induced which reached a maximum after approximately 10 seconds. 
The RAS intensity increased in the positive direction after the adsorption of CPR 
and isolated FAD whereas a negative change in intensity was observed in the clean 
Au(110) data, as shown in figure 4.21. After the adsorption of full length CPR and 
isolated FAD the RAS intensity increased by a greater amount following the 
potential step at 2.54 eV than at 2.7 eV, as shown in all three graphs in figure 4.21. 
It is also clear from the data in figure 4.21 that changing the applied potential to 
0.056 V induces a greater overall change in intensity in the RAS of clean Au(110), 
with a change of ~ 1.0 units observed in comparison with a ~0.5 to ~0.75 units 
change in intensity observed in the CPR and FAD data at each energy.  
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The adsorption of full length CPR and isolated FAD clearly alters the RAS 
response of Au(110) as a function of applied potential. It was hoped that these 
changes observed in the RAS intensity after the adsorption of protein would reveal 
information on conformational events associated with the electron transfer process. 
Since full length CPR is expected to be more dynamic than the isolated FAD 
molecule it is important to compare the RAS intensity after the adsorption of the two 
variants of CPR at 2.7 eV and 2.54 eV, as shown in figure 4.22.  
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Figure 4.22: The average RAS intensity (red line) and 5 point smoothed average 
(blue line) as a function of stepping the applied potential from -0.465 V to 0.056 V 
for full length CPR and -0.492 V to 0.056 V for isolated FAD, monitored at a) 
2.7 eV and b) 2.54 eV. 
 
Following the adsorption of both variants of CPR a similar initial increase in 
intensity was observed as the potential was changed at both energies (figure 4.22). 
However differences in the RAS intensity after this initial increase have been 
observed. Three small negative features were observed in the full length CPR data at 
2.7 eV, shown by the arrows in figure 4.22 a). These features were observed 5, 30 
and 50 seconds after changing the potential to 0.056 V (figure 4.22 a). In the RAS 
intensity of FAD a similar intensity single negative feature was observed ~20 
seconds after the potential was changed to 0.056 V at 2.7 eV as shown in figure 4.22 
a). The RAS intensity at 2.54 eV, shown in figure 4.22 b) appears to follow a much 
smother change as a function of applied potential in comparison to the data 
produced 2.7 eV and does not appear to reveal any similar features with only a very 
slight possible feature observed in the full length CPR data at 2.54 eV. The observed 
difference in the RAS response following the potential step between 2.7 eV and 
2.54 eV suggests that the features observed at 2.7 eV are local to that energy region 
and may be associated with changes in the orientation of the isoalloxazine rings. As 
 130 
the FMN and FAD domains each contain an isoalloxazine ring then the changes 
observed in the RAS at 2.7 eV following the potential change may be associated 
with relative motions and changes in the orientation of the FMN and FAD. The 
observation of only a single feature in the FAD data and three features in the full 
length CPR data supports this association since the isolated FAD domain is expected 
to be less dynamic than the full length CPR molecule and the main conformational 
change is expected to involve the motion of the FMN domain about the rest of the 
protein. 
Despite the possible association of these features with conformational events 
in the protein, it has not been possible to investigate this further due to the difficulty 
in reproducing the data. This difficulty in reproducing the data may be attributed to a 
variation in the coverage and orientation of the adsorbed protein molecules as 
suggested by the observed differences between experiments in the adsorption 
dynamics and subsequent RA spectra produced after the adsorption of CPR and 
FAD. In order to improve the reproducibility it was concluded that accurate control 
of the adsorption process is necessary to ensure that a well ordered monolayer of 
adsorbed molecules is achieved each time. 
 
4.4 The Effect of Repeated Potential Steps on the RAS of 
Au(110) + Protein 
 
As discussed in the previous section the signal to noise ratio was improved by 
monitoring the RAS intensity as a function of repeated potential steps and finding 
the average RAS intensity. Improvements to the computer software controlling the 
RAS instrument and the potentiostat were introduced during the process of 
collecting these data. The new software allowed the RAS and potentiostat, which 
were initially controlled separately, to be controlled simultaneously by one 
programme. Not only did this eliminate difficulties in synchronising the RAS 
instrument with the potentiostat but it also provided the user with accurate 
knowledge of the moment the potential was changed and also allowed the user to 
automatically repeat a user defined scan routine many times. This improvement to 
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the software allowed more data to be gathered other longer periods. This meant that 
the applied potential was frequently stepped overnight in an attempt to produce 
accurate data. However the effect of repeatedly stepping the potential between 
-0.652 V and 0.056 V and oxidising and reducing the adsorbed protein induced long 
term changes in the RAS of Au(110) + CPR. These changes induced as a result of 
repeated oxidation are shown in figure 4.23. 
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Figure 4.23: RA spectra of Au(110) + full length CPR at -0.652 V produced before 
stepping (red line) and after repeated overnight stepping between the applied 
potentials -0.652 V and 0.056 V (blue line). 
 
The effect of repeatedly stepping the applied potential caused a decrease in 
intensity of the 2.54 eV peak and an increase in the 3.6 eV peak. As the intensity of 
a feature in the RA spectrum is a product of the intrinsic strength of the feature, the 
number of dipoles that give rise to the feature and the degree of anisotropy, the 
observed decrease in intensity of the 2.54 eV peak could arise from a reduction in 
the number of Au-S bonds [9]. The decrease in the number of Au-S bonds could be 
associated with desorption of CPR molecules from the Au(110) surface. The RA 
spectrum recorded at -0.652 V after overnight stepping of the potential shows a 
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remarkable similarity to the RA spectrum recorded at 0.056 V as shown in figure 
4.24. The spectra in figure 4.24 follow a very similar shape, however the total 
intensities of the 2 spectra are different, and the 3.6 eV peak is more intense in the 
spectrum recorded at -0.652 V after stepping to the oxidised potential overnight. The 
similarities in RA spectral shape suggests that adsorbed CPR molecules could 
remain in the oxidised state after repeated potential steps between redox potentials, 
-0.465 V and 0.056 V. 
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Figure 4.24: RA spectra of Au(110) + full length CPR at 0.056 V (red line) and at 
-0.652 V after repeated overnight stepping between the applied potentials -0.652 V 
and 0.056 V (blue line). 
 
 It is difficult to determine the origin of these RA spectral changes induced by 
the repeated potential steps. However the idea that the RAS spectral changes are a 
result of the desorption of the CPR molecules is not supported be previous 
experimental work by Leparc et al. [4] who showed that cysteine only started to 
desorb from the Au(110) surface at the applied potential of 0.6 V, which is 
significantly greater than the potential range explored during overnight stepping. It 
is possible that the observed RA spectral changes are associated with the protein 
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molecule denaturing as a function of repeated potential steps. If the protein structure 
is damaged it is possible that parts of the molecule could detach from the main 
structure of the protein. As a result of this is it might be expected that the RAS 
signal from the adsorbed protein may reduce, due to a decrease in coverage and 
anisotropy. This may also expose areas of the Au(110) substrate thus strengthening 
the RAS contribution from the Au(110) surface and inducing changes in the total 
RAS. If the protein molecule becomes denatured this may also prevent the protein 
from functioning, which may prevent the protein from changing conformation, 
which could explain how the CPR appears to remain in an oxidised state after 
repeated potential steps.  
 
4.5 Summary of the Preliminary Data 
 
This chapter has shown that both variant forms of CPR, full length and isolated FAD 
adsorbed onto the Au(110) surface and induce changes in the RA spectral shape. 
The resultant RA spectra produced for FAD and full length CPR are very similar in 
spectral shape and intensity, which considering the similarity of the two variants of 
CPR is not surprising. The RAS intensity at 2.54 eV was monitored as a function of 
time during the adsorption process. The intensity of this peak increased which is 
attributed to the formation of Au-S bonds and the adsorption of the CPR molecules 
on the Au(110) surface. The RAS intensity adsorption dynamics demonstrated that 
the adsorption of CPR may follow a two stage process. This also highlighted 
variations in the adsorption processes between experiments which was accompanied 
by differences in the resultant RA spectral shape after the adsorption of CPR. 
 A technique was developed for monitoring the RAS intensity as a function of 
repeated oxidation and reduction of the adsorbed CPR molecules. This involved 
producing large data sets to produce an average RAS intensity change in order to 
improve the signal to noise. Updated computer software was introduced which 
enabled simultaneous control of both the RAS instrument and potentiostat allowing 
automated repeat scans to be set up, which meant data could be generated over 
larger time scales and even overnight. The potential step experiments showed that 
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changing the applied potential between the redox potentials of both adsorbed CPR 
and isolated FAD molecules induced changes in the RA spectra. These changes are 
different to the induced spectral changes observed in the RAS of clean Au(110) after 
the same potential step. Monitoring these spectral changes at key energies has 
revealed features observed in full length CPR and FAD data which may be 
associated with conformational events linked to electron transfer processes. There 
are clear differences between the features observed in the data produced after the 
adsorption of CPR and isolated FAD. Three small features were observed in the 
CPR data following stepping the applied potential between -0.465 V and 0.056 V 
whilst one feature was observed from the isolated FAD system following stepping 
the applied potential between -0.492 V and 0.056 V. If these features are associated 
with conformational events in the protein, this difference would indicate a difference 
in protein dynamics of the isolated FAD and full length CPR protein. However 
reproducing the data has proved extremely difficult. This is probably associated with 
the observed variation in the adsorption dynamics which may result in different RAS 
responses depending on the coverage and orientation of the adsorbed molecules.  
The effect of repeated oxidation and reduction of the adsorbed molecules has 
been shown to induce permanent changes in the RA spectral shape. These changes 
could be associated with the desorption of the protein molecules off the Au(110) 
surface or the protein becoming denatured. Again further analysis of this effect was 
difficult owing to the difficulty in reproducing the data.  
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Chapter 5 
 
 
Controlling the Formation of a 
Monolayer of Cytochrome P450 
Reductase onto the Au(110) Surface 
 
 
This chapter describes the use of the quartz crystal microbalance with dissipation 
(QCM-D) technique to study the adsorption process of cytochrome P450 reductase 
onto the Au(110) surface. The chapter establishes the conditions necessary to control 
the adsorption of a monolayer of protein molecules onto the Au(110) surface. These 
conditions are then examined using atomic force microscopy (AFM) and reflection 
anisotropy spectroscopy (RAS) to establish the RA spectrum of a monolayer of 
cytochrome P450 reductase (CPR) adsorbed onto the Au(110) surface.  
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5.1 The Adsorption of Variant CPR onto Au Substrate 
Monitored Using QCM-D 
 
The previous chapter has demonstrated the difficulty in accurately reproducing RA 
spectra after the addition of cytochrome P450 reductase (CPR) onto the Au(110) 
surface. These inconsistencies in the RA spectra produced in chapter 4 have been 
associated with variations in the adsorption process. This chapter explores the use of 
other techniques to further understand and control the adsorption process.  
Quartz crystal microbalance with dissipation (QCM-D) is an extremely 
sensitive technique used to measure the mass of adsorbed molecules on a quartz 
crystal. Accurate measurements of the frequency (f) and dissipation (D) following 
the adsorption of material onto a crystal surface allow the thickness of the adsorbed 
layer of material to be calculated [1]. This information along with knowledge of the 
dimensions of the individual molecules can provide information on the orientation 
of adsorbed molecules on the substrate surface. 
 The CPR molecules are expected to attach via the mutant cysteine at position 
499, shown by the red sphere in figure 5.1. The dimensions of the two variant forms 
of CPR have been deduced from the crystal structure of rat CPR [2] and are 5.9 nm, 
5.2 nm and 5.1 nm with 5.9 nm referring to the vertical dimension in figure 5.1. 
Considering that adsorbed CPR molecules are dynamic and may adopt a variety of 
orientations on the surface a layer thickness of 6 to 7 nm has been considered to 
represent a monolayer of adsorbed protein. 
 139 
 
Figure 5.1: Molecular graphics ribbon diagram representation for the structure of 
cytochrome P450 reductase, (top diagram) and the isolated FAD/NADPH-domain 
(lower diagram). The Pro-499 residue that was targeted by site directed mutagenesis 
to produce the P499C variant is shown by the red sphere. The FMN-binding domain 
is shown in purple, the conecting domain in orange, and the FAD/NADP-domain in 
blue. The FAD and FMN cofactors are shown as green sticks. 
 
5.2 Experimental  
 
The QCM-D technique has been described in detail previously in chapter 2.5. 
Polycrystalline Au coated crystals were placed in the temperature controlled E4 
module which was maintained at 20 °C during all QCM-D experiments reported in 
this thesis. Ultra pure water was then pumped over the sensors until a steady trace 
for both frequency and dissipation was obtained, this was then repeated with buffer 
solution to produce a baseline before a known concentration of protein solution was 
pumped over the sensors. Once a steady trace for both f and D was obtained for the 
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protein solution the sensors were then rinsed with fresh buffer solution to rinse off 
any excess protein.  
 
5.2.1 Preliminary Experiment 
 
The initial QCM-D experiments used the same conditions as those in the preliminary 
RAS studies reported in chapter 4. The adsorption of CPR onto polycrystalline Au 
coated quartz crystals was monitored under potential control and via self assembly. 
In both cases it took ~ 16 hours to achieve a steady trace for both (f) and (D) after 
the addition of CPR. The frequency and dissipation values were used to estimate the 
adsorbed layer thicknesses [3-5] which were 40 nm for potential control and 45 nm 
for self assembly adsorption. This layer thickness relates to a height of almost ten 
times higher than that of the individual CPR molecules and therefore it was 
considered that a multilayer of CPR molecules had been adsorbed onto the substrate 
surface rather than the desired monolayer. Each of these preliminary experiments 
indicates that the protein adsorbs in a similar manner whether under potential control 
or via self assembly, and multiple layers of CPR adsorbed in each case. 
This indicated that the adsorption of a monolayer of CPR is complex and 
does not follow a similar adsorption process to that observed in previous RAS 
experiments [6-11]. The observed similarity between the adsorption of CPR via self 
assembly and under potential control implies that applied potential does not strongly 
influence the adsorption of CPR onto the polycrystalline Au surface. Further 
experiments were monitored using self assembly as this allowed the E4 module with 
four sensors to be used. This increased the number of experiments and range of 
variable that could be investigated during each experiment.  
The adsorbed layer of CPR molecules achieved in the preliminary QCM-D 
experiments was significantly thicker than a monolayer of CPR molecules, which 
suggests that the concentration of protein used was too high to produce a monolayer 
of adsorbed protein. An initial investigation into the effect of concentration found 
significant differences in the estimated layer thickness when using similar 
concentrations of protein. Subsequently it was shown that the pH of the buffer 
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fluctuated between experiments considerably. It was therefore assumed that both 
protein concentration and pH of the buffer solution affect the adsorption of CPR 
onto the polycrystalline Au surface and careful control of both these was necessary. 
 
5.2.2 Controlled Experiments 
 
The preliminary data which saw the adsorption of a protein layer many times thicker 
than the individual dimensions of a single CPR molecule, demonstrated how protein 
molecules can aggregate which can result in the formation of multilayers adsorbed 
on surfaces. It is also assumed to be unlikely that every protein molecule would 
adsorb via the Au-S bond in an adsorbed layer of that thickness. This suggests that 
protein-protein interaction can allow further layers to adsorb on top of each other. It 
is therefore important to minimise protein-protein interactions during the adsorption 
process. 
Controlled QCM-D experiments focused on finding the conditions for 
monolayer adsorption of full length CPR: the same conditions would later be tested 
on the adsorption of the isolated FAD variant of CPR. The experimental procedure 
was subsequently altered to follow a more systematic approach. The concentration 
of CPR was monitored closely as was the pH of the buffer. The protein 
concentration was calculated after each experiment using UV-Visible spectroscopy 
(Genesys 10 Bio, Thermo Scientific).  
As with the preliminary QCM-D experiments a steady trace for both (f) and 
(D) was obtained. This baseline trace was recorded for 2 minutes before the protein 
samples were pumped over the sensors at a rate of 100 μl/min which was then 
reduced after 5 minutes to 10 μl/min. The protein samples were pumped over the 
sensors at the lower pump rate for a further 25 minutes the cell was then rinsed 
thoroughly with pure buffer solution for an hour after the adsorption of CPR. It was 
hoped that this rinsing would remove any excess protein molecules that have not 
formed a strong Au-S bond with the substrate surface. 
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5.3 QCM-D Results for Adsorption of Full Length CPR 
 
The change in resonant frequency is related to changes in the mass of the sensor due 
to the adsorption of protein [12]. The changes in dissipation are a measure of all the 
mechanisms that dissipate energy during one period of oscillation [4]. The origin of 
dissipative changes following the adsorption of protein have been studied in detail 
by F. Hook et al. [4] who concluded that there are several causes of dissipative loss 
due to the viscosity of the adsorbed layer. Monitoring the D-shifts allows an 
accurate calculation of the layer thickness, taking into account the viscosity and 
mass of the adsorbed layer. 
The adsorption of P499C full length CPR in pH 7.0 buffer solution is 
indicated by the observed changes in (f) and (D) as shown in figure 5.2. The bottom 
pink curve is the result of frequency changes and the top blue curve is the result of 
changes in the dissipation. Both the frequency and dissipation changed quickly over 
the first 5 minutes after the addition of protein and then followed a steady trace for 
the remainder of the scan with only slight fluctuations in the dissipation observed. 
The data in figure 5.2 show the frequency and dissipation changes induced 
after a 0.18 M concentration of protein was pumped over the sensor, this 
concentration of protein is similar to the concentration used in the preliminary 
experiments discussed in chapter 4. These frequency and dissipation values resulted 
in a calculated adsorbed layer thickness of 7.4 nm, which was considered a 
monolayer of CPR. The frequency and dissipation profiles in figure 5.2 indicates 
that the protein adsorbs quickly into a monolayer and does not take 16 hours as 
observed in the preliminary QCM-D data. This also indicates that once the 
monolayer has formed there is no secondary adsorption process of further layers. 
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Figure 5.2: Change in frequency (pink curve) and dissipation (blue curve) as a 
function of time during the adsorption of P499C full length CPR in 0.1 M buffer 
solution pH 7.0. 
 
The data in figure 5.3 was produced after increasing the protein 
concentration above 0.18 M. Increasing the protein concentration resulted in a 
calculated layer thickness of ~12 nm which is approximately double the height of 
the individual CPR molecule and therefore showed that a bilayer of CPR had 
adsorbed onto the polycrystalline substrate. In this case the adsorption process 
follows a similar shape as observed in figure 5.2, where the f and D changed rapidly 
over the first 1000 seconds and then levelled out to an almost steady trace for the 
remainder of the scan. This indicated that a bilayer and monolayer form over a 
similar timescale and bilayer adsorption does not appear to consist of two separate 
processes. The overall change in frequency and dissipation is greater after the 
adsorption of a bilayer of CPR as shown in figure 5.3. 
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Figure 5.3: Change in frequency (pink curve) and dissipation (blue curve) as a 
function of time during the adsorption of P499C full length CPR in 0.1 M buffer 
solution pH 7.0. 
 
The effect of varying the concentration of protein was initially investigated 
using pH 7.0 buffer. The data in figure 5.4 shows the adsorbed layer thickness as a 
function of protein concentration. This demonstrates that a monolayer is formed at a 
very low concentration of CPR, and that a slight increase in protein concentration 
causes a bilayer to adsorb. This behaviour suggests that adsorption of a monolayer is 
extremely dependent on the protein concentration. The concentration of protein 
needed to produce a monolayer of CPR is very low, and would potentially prove 
difficult to achieve in the electrochemical cell during RAS experiments. The 
concentration is so low that it is close to the limit of being detectable in the UV-Vis 
spectrometer, which makes it very difficult to measure concentrations of protein 
lower than the one that produced a monolayer. This difficulty is compounded by the 
slight difference between the concentration needed to produce a monolayer and 
bilayer of adsorbed CPR. It was therefore deemed very difficult to control the 
formation of a monolayer at pH 7.0 and it was decided to investigate the effect of 
varying the pH of the solution. 
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Figure 5.4: Film thickness as a function of P499C full length CPR concentration in 
0.1 M NaH2PO4/K2HPO4 at pH 7.0. 
 
5.3.1 The Effect of pH and Concentration on the Formation 
of a Bilayer and Monolayer of P499C Full Length CPR 
 
The pH range that has been investigated was from pH 6.2 to pH 7.8, which allowed 
a thorough investigation of the effects of pH whilst still remaining within the range 
of the phosphate buffer system and so preventing the need to change buffer systems. 
The same experimental procedures were used as with the experiments in pH 7.0 
buffer solution, with the same pump rates and same procedure of rinsing with pure 
buffer after the adsorption of CPR molecules.  
 The variation of pH of each buffer solution investigated has shown a similar 
effect of concentration on the adsorbed layer thickness and the adsorption appears to 
follow the same process where a rapid shift in both D and f was observed over the 
first 1000 seconds, after which a steady trace for both frequency and dissipation was 
observed, indicating that CPR adsorbs rapidly at either a monolayer or bilayer 
coverage. The concentration at which a monolayer is formed, however, has been 
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shown to fluctuate as a function of the pH value of the buffer solution. The 
following figure shows the calculated film thickness as a function of concentration 
produced in phosphate buffer solution with varying pH values.  
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(a) pH 6.2
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(c) pH 7.0
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Figure 5.5: Film thickness as a function of P499C full length CPR concentration in 
0.1 M NaH2PO4/K2HPO4 at a) pH 6.2 b) pH 6.8 c) pH 7.0 d) pH 7.2 e) pH 7.4 and 
f) pH 7.8. 
 
 The concentration of protein needed to produce a bilayer is increased as the 
pH is changed from pH 7.0 to pH 7.2, this increase in range of concentrations that 
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form a monolayer of CPR is beneficial as it provides a larger window in which to 
control the formation of a monolayer coverage. The formation of a monolayer or 
bilayer appears to be extremely sensitive to the pH of the buffer solution. By 
changing the pH by only 0.2 units from pH 7.0 to pH 7.2 the concentration at which 
a bilayer is observed increased from 0.24 μM to 0.42 μM as shown in table 5.1 
 
pH Concentration for Monolayer Adsorption 
6.2 < 0.36  +/- 0.03 µM 
6.8 < 0.42 +/- 0.03 µM 
7.0 < 0.24 +/- 0.03 µM 
7.2 < 0.42 +/- 0.03 µM 
7.4 < 0.67 +/- 0.03 µM 
7.8 < 0.30 +/- 0.03 µM 
Table 5.1: Summary of QCM-D results showing the maximum concentration of 
P499C full length CPR to achieve a monolayer as a function of solution pH. 
 
 The thickness of the adsorbed protein layer does not show a linear 
dependence on solution concentration, however the QCM-D data demonstrates that 
there are critical concentrations at which a monolayer and bilayer of CPR adsorb, as 
shown in figure 5.5, these concentrations vary as a function of pH, which is 
summarised in table 5.1.  
In pH 7.0 buffer solution a bilayer is adsorbed at the lowest concentration, 
this may indicate that at this pH the protein is more reactive and the interactions 
necessary for a bilayer to form occur more readily than at any other pH value 
investigated. 
 The investigation into the effect of pH and concentration has provided 
information on the conditions necessary to produce a monolayer of adsorbed full 
length CPR on polycrystalline Au. As the pH plays an important part in influencing 
the formation of a monolayer it is therefore crucial to choose a pH that allows a 
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monolayer to form over a large of protein concentrations, whilst maintaining a pH 
close to that of the biological system. For these reasons all further experiments were 
carried out in pH 7.2 buffer solution. Further QCM-D analysis of the effect of 
concentration on the adsorption of the isolated FAD variant of CPR was necessary. 
This was carried out by investigating the effect of concentration at pH 7.2 as the 
similarities of FAD and full length CPR structures are expected to produce similar 
QCM-D data. 
 
5.4 QCM-D Results for the Adsorption of the Isolated 
P499C FAD Variant of CPR 
 
The same experimental procedures as discussed in section 5.2 were used to monitor 
the adsorption of the truncated P499C FAD variant of CPR on to the polycrystalline 
Au surface. A similar adsorption process was observed for the adsorption of FAD, 
where a fast initial shift in both f and D was followed by a steady trace for both after 
the first 1000 seconds of the scan. The shifts in f and D as a result of the adsorption 
of a monolayer of FAD onto the polycrystalline Au surface are shown in figure 5.6,  
and the data show that the change in frequency is similar to that observed after the 
adsorption of a monolayer of full length CPR. However the dissipation shift is 
smaller for a monolayer of FAD. This indicates that the FAD molecule forms a more 
rigid structure on the Au surface [1,3-5]. This is consistent with theory as the 
isolated FAD molecules are expected to be a more rigid and less dynamic molecule 
than the full length variant of CPR.  
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Figure 5.6: Change in frequency (pink curve) and dissipation (blue curve) as a 
function of time during the adsorption of P499C FAD CPR in 0.1 M buffer solution 
pH 7.2. 
 
 As with full length CPR the adsorption of a monolayer or bilayer of 
molecules is dependent on the concentration of the protein sample. A sample 
concentration above 0.6 μM has been shown to result in the adsorption of a bilayer 
of FAD. At lower concentrations a monolayer is adsorbed as shown in figure 5.7. 
The data demonstrated that a higher concentration of FAD molecules than full 
length CPR molecules was needed to form a bilayer of adsorbed molecules.  
The removal of the FMN domain does not result in a major difference in 
height of the CPR molecule. This is due to the fact that the FMN domain sits within 
a cavity thus increases the dimensions in the vertical axis only very slightly. 
Therefore the same values of layer thickness associated with a monolayer and 
bilayer adsorption were used to analyse data produced by both variants of CPR.  
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Figure 5.7: Film thickness as a function of P499C FAD CPR concentration in 0.1 M 
NaH2PO4/K2HPO4 at pH 7.2.  
 
pH Concentration for Monolayer Adsorption 
of P499C FAD CPR 
7.2 < 0.60 +/- 0.3 µM 
Table 5.2: Summary of QCM-D results showing the maximum concentration of 
P499C FAD CPR to achieve a monolayer in 0.1M NaH2PO4/K2HPO4 pH 7.2. 
 
5.5 QCM-D Monitoring the Adsorption of Wild Type CPR 
 
Wild type CPR is the naturally occurring form of the CPR molecule and so it does 
not contain the mutant cysteine molecule that was engineered in the two variants of 
P499C CPR. The effect of the mutant cysteine molecules on the adsorption of CPR 
was investigated by monitoring the adsorption of wild type CPR. The cysteine 
molecule is expected to act as an anchor point forcing each protein molecule to 
adsorb in a certain orientation.  
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Figure 5.9: Film thickness as a function of Wild Type CPR concentration in 0.1 M 
NaH2PO4/K2HPO4 pH 7.2.  
 
Figure 5.9 shows the adsorbed film thickness as a function of concentration 
for wild type CPR and shows that a bilayer of CPR was adsorbed at all 
concentrations examined. Even at a sample concentration as low as 0.06 μM a 
bilayer is adsorbed. 
The wild type CPR molecule contains both the FMN and FAD domains and 
has the same dimensions as the P499C full length CPR variant, but crucially does 
not contain the mutant cysteine anchor point, therefore observed differences in the 
adsorption behaviour between the mutant and wild type CPR may be associated with 
the mutated cysteine residue. This suggests that the mutant cysteine molecule 
enables the protein to adsorb at a monolayer coverage, which is essential for 
accurate RAS investigations. The formation of a bilayer at all sample concentrations 
may be the result of interactions between the CPR molecules. These interactions 
could occur in solution before the protein adsorbs onto the surface, as the f and D 
shifts suggest that the adsorption of a bilayer of wild type CPR does not involve a 
multiple stage adsorption process. The formation of a bilayer of adsorbed mutant 
CPR molecules maybe due to the same protein interactions. However these 
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interactions may only occur in the mutant forms of CPR after a certain critical 
concentration in solution is reached. This could be due to competing factors such as 
the comparative strength of the Au-S bond and the protein-protein interactions. 
However this is beyond the scope of this research and the aim of the QCM-D 
experiments were to establish the conditions of monolayer adsorption of the variant 
forms of CPR. 
 
5.6 AFM Measurements of a Monolayer and Bilayer of 
Variant CPR Molecules  
 
Having established the conditions at which a monolayer and bilayer of CPR adsorbs 
in the previous QCM-D experiments, these were then used to produce samples of a 
monolayer and bilayer coverage of P499C full length CPR onto the polycrystalline 
Au sensors. QCM-D analysis confirmed the layer thickness of the samples before 
they were transported from the QCM-D sensor modules to the AFM instrument. The 
samples were protected from air by being submerged in pure phosphate buffer 
solution. AFM images were produced of each sensor by Dr D. S. Martin and are 
shown in figure 5.7. 
 
 
   
 
  
 
 
 
 
 
Figure 5.7: AFM images of 2 µm x 2 µm area of a polycrystalline Au sensor 
obtained from the QCM-D after deposition of (a) monolayer, (b) the autocorrelation 
image obtained from the monolayer and (c) bilayer film thickness.  
 
(a) 
 
(b) 
 
(c) 
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The AFM images were produced by carefully positioning the sample sensors 
whilst protecting the adsorbed protein layer under a drop of ultra pure water. The 
morphology of both films was of the type produced by molecular aggregates. Small 
holes occurred occasionally in the monolayer sample revealing the exposed Au 
substrate surface. The AFM tip was used to ‘scratch’ away small areas of the protein 
layer in order to expose larger areas of the Au substrate so that the height of the 
protein layer could be measured accurately form the substrate surface. The height 
was measured at various positions on the monolayer sample surface and the height 
of the aggregates varied between 4 and 6 nm. Whilst the AFM imaging was 
optimized to minimize the applied force on the substrate, the probe tip may 
compress the protein and result in a reduced height being measured. Values for the 
height of 4 nm to 6 nm are consistent with the dimensions of the molecules as 
deduced from crystallography [2] and with the monolayer film thickness measured 
with the QCM-D instrument. The AFM images were subject to autocorrelation 
analysis using Image SXM [13]. The Autocorrelation function (ACF) describes the 
spatial correlation between objects in an image, which in this case is dependent on 
the distribution of light and dark regions corresponding to the topography of the 
AFM image. The ACF can be described as the correlation of an image with itself as 
a function of displacement of the image with respect to itself [14], which can be 
mathematically represented as the convolution of the two-dimensional gray value 
function G(x,y) with itself: 
 






 ydxdyyxxGyxGyxGyxG ),(),(),(),(
                  (5.1)
 
 
where x and y are the coordinates, and x’ and y’ are the displacements. Fourier 
Transforms are used to calculate the ACF in Image SXM, a method that is  
mathematically equivalent to equation 5.1, yet computationally more efficient [14].  
The ACF can reveal the level and range of correlation of statistical patterns as a 
function of orientation, reflecting the shape, symmetry, anisotropy and orientation of 
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particles in AFM images, therefore providing a powerful method of image analysis 
[14].  
Autocorrelation analysis of the monolayer sample showed weak striation directed 
along the diagonal of the square image shown in figure 5.7 b). A similar 
autocorrelation result was observed for the clean Au substrate, which displays a 
granular morphology of 1 to 2 nm height variation over areas of 2 μm. The 
autocorrelation result indicates that there is some similarity in both (i) the granular 
pattern of the clean substrate and (ii) the monolayer aggregates, along one particular 
direction over a length scale of a few microns. This suggests that the substrate 
contributes to the localised ordering effect in the monolayer. No such pattern was 
observed for the bilayer, indicating that the effect is lost at this coverage. The 
striation observed in the autocorrelation image of the monolayer is observed from 
areas of side length 1 to 2 μm (figure 5.7 b)), this effect, however is lost over larger 
areas. The area size of these striations provides and indication of the spatial 
correlation of the molecules on the polycrystalline Au surface.  
 Analysis of the bilayer sample showed that it was not possible to determine 
the location of the underlying Au substrate, however, aggregates having a maximum 
height of ~ 8 nm were measured. The height of the aggregates could not be 
accurately measured from the Au substrate surface, however the AFM results show 
larger aggregate heights in the bilayer compared to those in the monolayer sample 
(figure 5.7). The increase in height of the aggregates is in general agreement with 
the QCM-D which distinguished between monolayer and bilayer thickness. 
 
5.7 QCM-D Measurements of the Adsorption of Variant 
CPR Molecules under Potential Control  
 
After the conditions for monolayer adsorption of the two variant forms of CPR had 
been established the effect of potential on the adsorption process has been 
investigated. 
 Two electrochemical QCM-D modules have been used to investigate the 
adsorption of CPR. However difficulties in producing accurate data under potential 
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control were associated with the design of the modules. One of the modules used has 
much larger volume than the modules used in the concentration and pH 
investigations. Pumping protein solution through this larger module frequently 
resulted in a frothing of the protein sample, which is associated with aggregation of 
the protein. This made it extremely difficult to pump the solution through the cell 
and produce an accurate trace for both f and D. The other electrochemical module 
used was a new design cell produced by Q-Sense which incorporated 
electrochemical control within a window cell. Again this cell was problematic in 
that it proved extremely difficult to pump through solution without trapping small 
air bubbles in the module. These trapped bubbles can cause shifts in both f and D 
and also introduce severe inaccuracies in controlling the applied potential, thus the 
potential can not be controlled properly and the experiment had to be abandoned.  
 Despite these difficulties early electrochemical QCM-D experiment 
indicated the potential did not affect the adsorption conditions for a monolayer 
coverage. 
 
5.8 Summary 
 
The adsorption of protein from a sample of similar concentration as used in the 
preliminary RAS experiments discussed in chapter 4 was monitored using the 
QCM-D instrument. The QCM-D results discussed in this chapter suggest that the 
concentration of protein used in the preliminary RAS experiments results in the 
adsorption of multiple layers of protein, therefore indicating that the RAS data 
discussed in chapter 4 may have been produced after the adsorption of multiple 
layers of CPR molecules onto the Au(110) surface. 
 It has been shown that the formation of both monolayer and bilayer coverage 
is dependent not only on concentration but also on pH as shown in table 5.1. These 
results also show that there is no simple relationship between the pH and 
concentration at which a monolayer is formed but that, apart from the results at 
pH 7.0 and 7.8, the maximum concentration at which adsorption is limited to a 
monolayer increases with increasing pH. 
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 The conditions for producing a monolayer of the mutant full length CPR and 
isolated FAD CPR have been established. All future experiments were carried out 
using a pH 7.2 phosphate buffer solution and a protein concentration less than 
0.4 μM for full length CPR and 0.6 μM for the isolated FAD variant of CPR was 
used.  
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Chapter 6 
 
 
RA Spectra of Monolayer and 
Bilayer Adsorption of P499C 
Truncated FAD and Full Length 
CPR Molecules  
 
 
This chapter provides the RA spectral signatures of both monolayer and bilayer 
coverage of P499C truncated FAD and full length CPR molecules adsorbed on the 
Au(110) surface. Conditions under which a monolayer and bilayer adsorb were 
provided from QCM-D experiments discussed in the previous chapter. 
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6.1 Introduction 
 
Having established the conditions under which monolayers and bilayers of the 
mutant P499C variants of CPR adsorb on polycrystalline Au in QCM-D 
experiments, it was necessary to reproduce these conditions in the electrochemical 
cell to enable RAS studies of monolayer adsorption of variant CPR molecules. The 
RAS experiments presented in this chapter closely followed the procedures used in 
preliminary RAS experiments in chapter 4, relating to the preparation of both the 
protein samples and the Au(110) surface. However slight changes to the 
experimental procedure were made to accommodate the conditions for monolayer 
adsorption. These were, to firstly ensure that buffer solutions of appropriate pH were 
prepared and secondly the concentration of protein in each sample was carefully 
controlled. The pH of the buffer solution was checked prior to each experiment and 
the concentration of protein in solution was monitored using the UV-Vis 
spectrometer. During QCM-D experiments the sensors were rinsed with fresh buffer 
solution after the adsorption of protein, which was done to try to prevent protein 
aggregation and to rinse off any additional weakly bonded protein molecules. To 
replicate this procedure in RAS experiments the electrochemical cell was rinsed 
with fresh buffer solution, immediately after the adsorption of protein onto the 
Au(110) surface.  
 
6.2 RA Signature of Monolayer and Bilayer Coverage of 
P499C Full Length CPR on the Au(110) Surface 
 
QCM-D results discussed in chapter 5 indicated that potential control does not affect 
the adsorption conditions under which a monolayer of mutant CPR is adsorbed. 
However it is necessary for the RAS experiments to be under potential control in 
order to induce electron transfer processes in the adsorbed CPR molecules. The 
ability to control the electrode potential also ensures the Au(110) surface is in a 
known surface reconstruction prior to the adsorption of protein. Full length CPR was 
adsorbed onto the Au(110) electrode surface at an applied potential of  -0.652 V. 
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This potential is known to result in the Au(110) surface adopting a (13) surface 
reconstruction [1] and the fully reduced state of CPR. Two different protein 
concentrations were added to the electrochemical cell. These concentrations related 
to those used in QCM-D experiments that resulted in the formation of bilayer and 
monolayer coverage of mutant CPR. Changes in the RA spectrum of Au(110) at 
-0.652 V after the addition of bilayer and monolayer concentrations full length CPR 
to the electrochemical cell are shown in figure 6.1. These changes are associated 
with the adsorption of protein onto the Au(110) surface. There are clear differences 
between the resultant RA spectra in figure 6.1 b) which are attributed to the 
adsorption of a monolayer and bilayer of P499C full length CPR onto the Au(110) 
surface at -0.652 V. The RA spectra in figure 6.1 b) are presented as the spectral 
signature of a monolayer (red line) and bilayer (blue line) of CPR on the Au(110) 
electrode at -0.652 V. 
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Figure 6.1: RA spectra of a) clean Au(110) at -0.652 V, b) Au(110) + P499C full 
length CPR at -0.652 V and c) P499C full length CPR at -0.652 V obtained by 
subtracting the corresponding Au(110) spectrum from the Au(110) + protein 
spectrum all recorded in 0.1 M NaH2PO4/K2HPO4 (pH 7.2) monolayer experiment 
(red line) and bilayer experiment (blue line). The RA spectra corresponding to the 
(red line) have been shifted on the y axis for clarity and the RA spectra 
corresponding to the blue line corresponds to the y axis scale. 
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It has previously been discussed that the mutant P499C protein molecules are 
expected to adsorb onto the Au(110) surface via the formation of a Au-S linkage 
between the substrate and the mutant cysteine molecule. The formation of this 
linkage should lead to the observation of the characteristic Au-S peak in the RA 
spectrum at 2.54 eV as observed in previous RAS experiments after the adsorption 
of S-containing amino acids [2], decanethiol [3] and a cysteine-tryptophan dimer 
[4]. The RA spectra produced after the adsorption of P499C full length CPR onto 
the Au(110) surface show an enhanced intensity in the low energy region and the 
emergence of the negative peak at 2.54 eV (figure 6.1 b)). The presence of the 
2.54 eV peak was observed in the RA spectrum of both a monolayer and bilayer as 
shown in figure 6.1 b). This increase in intensity at 2.54 eV suggests that the protein 
molecules adsorbed via the formation of the Au-S bond, although it is possible that 
this is not the only residue involved in the adsorption process and many others may 
also be involved.  The bilayer spectrum has a much stronger contribution in the low 
energy region and an increased intensity of the 2.54 eV peak. The negative peak at 
2.54 eV, although associated with the formation of the Au-S bond, this region of the 
RA spectrum is also expected to overlap with the contribution from the adsorbed 
molecules, since the absorption spectrum of the CPR species in solution shows a 
rather broad feature in the range of 2.5 eV to 3.0 eV (figure 6.2). This feature in the 
absorption spectrum of the molecule is expected to be associated with the 
isoalloxazine rings [5-9] which have a maximum absorption spectrum at 2.7 eV.  
RA spectra produced after the adsorption of P499C full length CPR onto the 
Au(110)/electrode surface are expected to be the sum of RAS contributions from the 
adsorbed molecules and from the clean Au(110) surface. In previous RAS studies of 
the adsorption of molecules onto the Au(110) surface [2-4,10-13], it was possible to 
find the RA spectrum of the adsorbed molecules by subtracting the RAS of the 
Au(110) substrate. The RA spectra of the adsorbed CPR molecules has been 
produced following a similar procedure, whereby the RA spectrum of the clean 
Au(110) (figure 6.1 a)) was subtracted from the RA spectra of Au(110) + P499C full 
length CPR (figure 6.1 b)). The resultant spectra following this subtraction are 
attributed to the RAS of the adsorbed molecules for both a monolayer and bilayer 
coverage and are shown in figure 6.1 c). The RA spectra in figure 6.1 c) follow a 
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similar spectral shape, with an increased negative intensity observed below 2.5 eV. 
However the bilayer spectrum has a much stronger contribution in the low energy 
region. 
Comparison of the RA spectrum of clean Au(110) at -0.652 V (figure 6.1 a)), 
and the RA spectrum of Au(110) + P499C full length CPR (figure 6.1 b)), suggests 
that the RAS of the adsorbed molecules is strongly influenced by that of the RAS of 
the Au(110) substrate. This is consistent with the autocorrelation analysis [15] of the 
AFM images of an adsorbed monolayer of CPR on polycrystalline Au, which 
suggested that the substrate contributes to the localised ordering effect of the 
adsorbed molecules. However this effect was not observed after the adsorption of a 
bilayer on polycrystalline Au. The autocorrelation analysis [15] was performed after 
the adsorption of CPR onto polycrystalline Au, while the Au(110) surface provides a 
much more ordered substrate. Therefore it is likely that the Au(110) substrate would 
influence the order of both a monolayer and bilayer of adsorbed molecules. 
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Figure 6.2: UV-VIS absorbance spectrum for 8.3 μM P499C full length CPR in 
0.1 M NaH2PO4/K2HPO4 at pH 7.2 as a function of photon energy a) from 1.5 eV to 
6.5 eV and b) shows the absorbance over the photon energy range of 1.5 eV to 
4.0 eV over an expanded absorbance scale. These spectra are in agreement with 
those of Ref [7]. 
 
 Further information on the process of protein adsorption onto the Au(110) 
surface has been obtained by monitoring the RAS intensity at selected energies as a 
function of time during the adsorption process. The RAS intensity was monitored as 
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a function of time in two separate experiments at 2.54 eV and 2.7 eV during the 
adsorption of protein onto the Au(110) surface and is shown in figure 6.3. Despite 
the potential overlapping of the signals from the formation of the Au-S bond and the 
isoalloxazine rings, there are clear differences between the adsorption kinetics 
observed at these two energies (figure 6.3). At both energies a strong decrease in 
RAS intensity is observed between 500 and 1000 seconds, however after this the 
behaviour at each energy differed. At 2.7 eV (blue line figure 6.3) the RAS intensity 
saturated after 1000 seconds whereas at 2.54 eV (red line figure 6.3) the RAS 
intensity continued to decrease, but at a much slower rate. The kinetic behaviour 
observed at 2.54 eV has been observed in a previous RAS investigation of the 
adsorption of pyridine onto the Au(110) surface [14]. This behaviour was interpreted 
as an initial saturation of the surface followed by a much slower ordering process of 
the adsorbed species that increases the overall anisotropy [14]. 
 
0 600 1200 1800 2400 3000 3600
Time (s)
R
e(

r /
r)
 x
1
0
-3
0.5
 
Figure 6.3: Changes in RAS intensity as a function of time during the adsorption of 
a monolayer of full length CPR monitored at 2.7 eV (red line) and 2.54 eV (blue 
line). The RAS intensity profiles have been shifted on the x axis for clarity. 
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 In order to characterise the adsorption process further the Rapid RAS 
instrument was used to monitor RAS intensity across a larger spectral range from 
2.0 eV to 4.0 eV in 32 channels simultaneously during the adsorption of a 
monolayer of P499C full length CPR. Selected adsorption curves at a range of 
energies monitored using the Rapid RAS instrument are shown in figure 6.4. 
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Figure 6.4: Changes in RAS intensity as a function of time during the adsorption of 
a monolayer of P499C full length CPR onto the Au(110) surface at -0.652 V 
monitored at a) 2.02 eV, b) 2.25 eV, c) 2.53 eV, d) 2.66 eV, e) 2.73 eV and 
f) 3.06 eV. 
 
The data from the Rapid RAS instrument, shown in figure 6.4, shows that the 
adsorption curves at lower energies are significantly different to the adsorption 
curves at higher energies. The RAS intensity at 2.02 eV, 2.25 eV and 2.53 eV shows 
a strong decrease between 500 to 1000 seconds followed by a much slower but 
steady decrease in intensity as a function of time. This behaviour is similar to that 
observed at 2.54 eV using the standard RAS instrument. The higher energy 
adsorption curves also follow a similar intensity decrease over the first 1000 seconds 
but the signal then saturates, similar to that observed at 2.7 eV using the standard 
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RAS kit. The intensity of a feature in the RA spectrum is a product of the intrinsic 
strength of the feature, the number of dipoles that give rise to the feature and the 
degree of anisotropy. The secondary decrease in intensity observed at energies 
below 2.54 eV is expected to be the product of a slower ordering process which 
increases the negative strength of the RAS signal and could be due to an increase in 
anisotropy. This secondary ordering process has only been observed at energies 
below 2.54 eV and does not change the strength of the RAS signal at higher 
energies. This behaviour could be explained if the ordering process does not change 
the net orientation of the dipoles that give rise to the higher energy RAS response of 
the adsorbed molecules.  
The information on the adsorption process provided by monitoring changes 
in the RAS intensity at these energies, suggested that the adsorption of CPR involves 
secondary ordering process, which appears to take place after the initial adsorption 
of the molecule. In order to gain information on the orientation of the adsorbed 
protein molecules RA spectra were collected as a function of azimuthal angle. This 
utilises the relationship between the optical axes of the Au(110) surface and the 
optical axes of transitions arising from adsorbed molecules on the Au(110) surface 
which has been discussed in detail by Macdonald and Cole [16]. This relationship is 
a powerful tool for determining the orientation of adsorbed molecules, as has been 
demonstrated in previous work [10-13] and discussed earlier in this thesis (chapter 
3.8). The intensity of the RAS of Au(110) varies as a function of cos2θ, where θ is 
the azimuthal angle between the plane of polarization of the incident light and the 
crystal axis of the surface [17]. RA spectra were obtained as a function of azimuthal 
angle after the adsorption of a monolayer of full length CPR on to the Au(110) 
surface (figure 6.5). The RA spectra in figure 6.5 are essentially flat when measured 
along the principle axis of the Au(110) surface. This observation establishes that the 
optical dipole transitions that give rise to the spectra of a monolayer of full length 
CPR must be roughly orientated in a plane normal to the surface and directed along 
either the [1  

1 0] or [001] axes of the Au(110) surface This behaviour has been 
observed previously for smaller molecules adsorbed on the Au(110) surface [10-13]. 
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Figure 6.5: RA spectra of Au(110) + monolayer of P499C full length CPR at 
-0.652 V as a function of azimuthal angle defined with respect to the Au[001] axis. 
Recorded at 45° (blue line), 65° (yellow line), 75° (green line), 85° (purple line), 90° 
(orange line), 95° (grey line), 105° (dark green line), 115° (sky blue line) and 135° 
(red line). 
 
The UV-VIS absorption spectrum of CPR molecules in solution (figure 6.2) 
shows strong broad features between 2.5 eV and 3.0 eV which are expected to be a 
contribution from the isoalloxazine rings. However the effect of the adsorption of a 
monolayer of full length CPR induces only a small change in this region of the RAS 
of Au(110), which is shown by comparison of the RA spectra in figure 6.1 a) and b). 
It is also notable that the region between 1.5 eV and 2.5 eV is the weakest region of 
the absorption spectrum of the free molecules (figure 6.2) but produces one of the 
strongest changes in the RAS of Au(110) surface as shown in figure 6.1 c), while the 
strongest regions of the absorption spectrum of the free molecules induce very little 
change in the RAS of the Au(110) surface. These changes induced in the RAS of 
Au(110) after the adsorption of full length CPR are much smaller than the changes 
observed after the adsorption of smaller molecules [2-4,10-13]. The adsorption of 
cysteine molecules onto the Au(110) surface at -0.652 V causes a large negative 
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shift in intensity between 1.5 eV and 3.0 eV including the emergence of an intense 
negative peak at 2.54 eV (figure 6.6). The reason for the increased contribution to 
the RAS after the adsorption of smaller molecules is probably due to a much higher 
concentration of ordered dipoles on the surface. The reduction in the contribution to 
the RAS intensity from adsorbed P499C CPR is probably due to the dimensions of 
the P499C CPR molecule as the number of pairs of isoalloxazine rings on a given 
area of the Au(110) surface will be significantly reduced in comparison to the 
number of cysteine molecules in the same area after the adsorption of cysteine only.  
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Figure 6.6: RAS of Au(110) (pink line) and RAS of Au(110) + cysteine (blue line) 
in 0.1 M NaH2PO4/K2HPO4 at -0.652 V. 
 
The intensity of the 2.54 eV peak observed after the adsorption of a 
monolayer of CPR is also much smaller than those that have been observed in 
previous RAS studies of the adsorption of sulfur containing amino acids [2]. The 
intensity of the 2.54 eV peak has been monitored using RAS as a function of 
coverage of decanethiol [3]. It was shown to take approximately 60 minutes for a 
full saturated coverage of dacanethiol to adsorb onto the Au(110) surface. The 
Authors observed that the 2.54 eV peak increased in intensity as the coverage of 
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adsorbed decanethiol increased, as shown in figure 6.7. Therefore the authors 
associated a reduced intensity 2.45 eV peak with a low coverage of decanethiol [3]. 
The intensity of 2.54 eV peak observed after the adsorption of full length CPR is 
comparable to the intensity observed after the adsorption of a low coverage of 
decanethiol. This could indicate that a lower number of Au-S bonds are formed after 
the adsorption of a monolayer CPR. However the comparative size of the protein 
molecule to decanethiol means that significantly fewer protein molecules are needed 
to form a full monolayer coverage on the Au(110). Therefore it is expected that far 
fewer Au-S bonds would form after the adsorption of CPR in comparison to the 
adsorption of decanethiol on the Au(110) surface. This suggests that despite the 
observation of only a small negative increase in the 2.54 eV peak, P499C full length 
CPR adsorbs by the formation of the Au-S bond.  
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Figure 6.7: RA spectra of Au(110)/ethanol + decanethiol after 15 mins (blue line), 
30 mins (red line), 45 mins (green line) and 60 mins (orange line). Reproduced from 
[5]. 
 
The disordered orientation of the dipoles that give rise to the optical 
spectrum of the molecules on the Au(110) surface can also account for the small 
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contribution to the RAS of Au(110) induced by the monolayer adsorption of P499C 
full length CPR. In the spectral region probed in these experiments there will be two 
main contributions to the molecular spectrum, the isoalloxazine rings and the 
aromatic amino acids phenylalanine, tyrosine and tryptophan.  Detailed analysis of 
the spectrum of the isoalloxazine ring has been carried out previously [5-9] and was 
found to have three main contributions, a peak at 2.7 eV which is ~ 1.0 eV wide, a 
band between 3.3 eV and 3.8 eV and a stronger band peaking at ~ 4.6 eV. These 
features have been observed in the spectrum of the free molecules in figure 6.2. The 
dipole transitions that give rise to these features are roughly orientated along the 
long axis of the ring (figure 6.8), being offset by 32  , 7  and 29  respectively in one 
analysis [7] and 0 °, 11 ° and 3 °, respectively in an alternative analysis [9]. 
Cytochrome P450 reductase contains two isoalloxazine rings, the position of these 
rings is shown in figure 6.9 in the ‘closed’, fully oxidised state. In this position the 
long axis of the two rings are roughly parallel to each other. If the long axes of these 
rings are orientated roughly vertically to the Au(110) surface, as suggested by the 
molecular ribbon diagram in figure 6.9, then this could account for the weak 
contribution made to the RAS of the Au(110) surface by the features in the 
molecular absorption spectrum of the rings lying between the 2.5 eV and 5.0 eV. 
Further evidence that suggests that the plane of the rings are orientated roughly 
vertical to the Au surface was provided by the observation that the RAS of the 
adsorbed molecules is essentially flat when measures at an azimuthal angle of ~90°, 
which corresponds to one of the principle axes of the Au(110) substrate. If the long 
axes of the isoalloxazine rings are orientated vertically on the Au(110) surface then 
the azimuthal variation results indicate that the short axes of the rings would need to 
be orientated roughly along one of the principle directions of the Au(110) surface  
either the [1  

1 0] or [001]. The behaviour of the RAS signal monitored above 2.6 eV 
during the adsorption of a monolayer of P499C full length CPR could be explained 
by the initial adsorption process resulting in a configuration in which the long axes 
of the isoalloxazine rings were vertical to the surface and that the subsequent 
ordering process, revealed by the adsorption kinetics observed at lower energies, 
involves only lateral movements of the molecules on the surface, therefore not 
affecting the orientation of the isoalloxazine rings. 
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Figure 6.8: Diagram showing the structure of the isoalloxazine ring. The red arrows 
show the possible direction of the transition moments determined by L. B. -Ǻ. 
Johnson et al.  [7].  
 
 
Figure 6.9: Molecular graphics ribbon diagram representation for the structure of 
cytochrome P450 reductase. The Pro-499 residue that was targeted by site directed 
mutagenesis to produce the P499C variant is shown by the red sphere. The 
FMN-binding domain is shown in purple, the conecting domain in orange, and the 
FAD/NADP-domain in blue. The FAD and FMN cofactors are shown as green 
sticks. 
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 CPR contains 28 phenylanine, 31 tyrosine and 9 tryptophan amino acids 
which are widely distributed through the molecular structure of the protein [18]. It is 
therefore important to consider the contributions that these amino acids make to the 
RAS of the adsorbed molecule. The amino acids are expected to make a strong 
contribution to the two intense peaks at higher energies observed in the absorption 
spectrum of the free molecule (figure 6.2). The higher energy peak is associated 
with contributions from the peptide bonds of all the amino acids. Despite the 
intensity of these peak in the absorption spectrum (figure 6.2) the features are 
remarkably weak in the RAS of the adsorbed molecules (figure 6.1 b) and c)). It is 
unreasonable to suppose that the weakness of these contributions to the RAS arise 
from all the dipoles being orientated roughly vertical on the Au(110) surface as with 
the dipoles of the isoalloxazine rings. Therefore a much more likely explanation for 
the weakness of these contributions is that there is no significant order in the 
orientation of these dipoles in the molecular structure so that even if the molecules 
adopt an ordered arrangment on the Au(110) surface there is no significant net 
anisotropy in the orientation, resulting in a very weak RAS signal.   
 The induced changes in the RAS of Au(110) after the adsorption of P499C 
full length CPR has been compared to changes induced by the adsorption of smaller 
molecules [2-4,10-13] earlier, where it was also noted that the strongest contribution 
to the RAS of the adsorbed molecules was observed below 2.5 eV (figure 6.1 c)). 
However, this spectral region is very weak in the absorption spectrum of the 
molecules (figure 6.2). The origin of this weak contribution to the absorption 
spectrum of the molecules is unclear. However the stronger contributions observed 
in the RAS of the adsorbed molecules in this spectral region could arise from dipole 
transitions in individual molecules which become orientated in roughly the same 
direction during the slow ordering process that appears to follow the initial 
adsorption. This would result in an increase of the net anisotropy of the optical 
response of the adsorbed molecules and explain why the intensity of this region of 
the molecular spectrum is enhanced in the RAS. This would also explain the 
adsorption kinetics observed at lower energies (figure 6.4). 
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6.3 RA Spectral Signature of a Monolayer and Bilayer of 
P499C FAD  
 
Having demonstrated the ability of RAS to determine the difference between a 
monolayer and bilayer of mutant P499C full length CPR adsorbed at the 
Au(110)/electrode. The remainder of the work presented in this thesis will be aimed 
at monitoring conformational events in a monolayer of full length CPR adsorbed on 
the Au(110)/electrode surface. However for completion the RA spectra obtained 
after the adsorption of both a monolayer and bilayer of the isolated FAD variant of 
mutant CPR is presented in the following section of this chapter. 
The adsorption of the mutant isolated FAD molecules onto the Au(110) 
surface was achieved by following the conditions for both a monolayer and bilayer 
adsorption outlined in the QCM-D experiments in chapter 5. As with the full length 
CPR the concentrations of isolated FAD samples were accurately controlled to 
enable both a monolayer and bilayer adsorption onto the Au(110) surface. The pH of 
the buffer solution was also carefully controlled to ensure the buffer used in each 
experiment had a pH value of 7.2 and the electrochemical cell was thoroughly rinsed 
after the adsorption of FAD. The applied electrode potential was held at -0.657 V 
which relates to the fully reduced state of the isolated FAD variant of CPR, and also 
induces the (13) surface structure in the Au(110) substrate [1]. RA spectra of the 
Au(110) surface before and after the addition of both monolayer and bilayer 
concentrations P499C FAD are shown in figure 6.10. 
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Figure 6.10: RA spectra of a) clean Au(110) at -0.657 V, b) Au(110) + P499C FAD 
at -0.657 V and c) P499C FAD at -0.657 V obtained by subtracting the 
corresponding Au(110) spectrum from the Au(110) + protein spectrum. All spectra 
were recorded in 0.1 M NaH2PO4/K2HPO4 (pH 7.2) monolayer experiment (red line) 
and bilayer experiment (blue line). The RA spectra produced after a monolayer 
adsorption (red line) have been shifted on the y axis for clarity, whilst the RA 
spectra corresponding to the bilayer (blue line) correspond to the y axis scale 
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 The RA spectra of the clean Au(110) surface, in figure 6.10 a) are very 
similar with only a slight difference in the overall intensity of the spectra, which 
could be associated with slight variations in the Au(110) surface induced during the 
flame annealing process [19-22]. The addition of the two concentrations of isolated 
FAD induced changes in the RAS of Au(110), which are associated with the 
adsorption of a monolayer and bilayer of FAD and are shown in figure 6.10 b). The 
emergence of the 2.54 eV peak, observed in both spectra in figure 6.10 b) suggests 
that the isolated FAD molecules have adsorbed via formation of the Au-S bond. The 
increased concentration of the mutant isolated FAD induced greater changes in the 
RA spectrum, which is attributed to the formation of a bilayer of adsorbed 
molecules. The RA spectra in figure 6.10 b) are very similar to the RA spectra 
produced after the adsorption of a monolayer and bilayer of the full length variant of 
CPR which are shown in figure 6.1 b).  
The spectrum associated with the adsorbed FAD molecules is shown in 
figure 6.10 c). The main contribution from the adsorbed FAD molecules is in the 
low energy region as shown in figure 6.10 c), which is observed in both the RAS of 
the monolayer and bilayer coverage. The strength of the 2.54 eV peak is stronger in 
the bilayer than the monolayer as is the contribution in the spectral range below 
2.6 eV. Both spectrum of a bilayer and monolayer of isolated FAD follow a very 
similar spectral shape until ~ 4.25 eV were the bilayer spectrum follows a steady 
negative change in intensity and the monolayer spectrum follows a steady positive 
change in intensity, as shown in figure 6.10 c). This behaviour was not observed 
following the adsorption of a monolayer and bilayer of the full length variant of 
CPR. This difference could be due to slight variation in orientation of the adsorbed 
molecules in bilayer and monolayer coverage. If so then this difference in behaviour 
between the isolated FAD and full length variants of CPR could indicate that the 
difference in orientation between a monolayer and bilayer involves a larger change 
to the orientation of the FAD domain than the FMN domain, which may account for 
the difference in spectral shape observed at ~ 4.25 eV after the adsorption of isolated 
FAD. It is however difficult to determine information on the difference in 
orientation of the FAD molecules when adsorbed in monolayer or bilayer coverage, 
and this is not the focus of this research, but it is important to demonstrate the 
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sensitivity of RAS and the ability of RAS to monitor the difference between a 
monolayer and bilayer coverage. The identification of the RAS signature of a 
monolayer adsorption of isolated FAD is a vital prerequisite for monitoring 
conformational events during electron transfer processes.  
Having established that RAS is capable of determining the difference 
between what is expected to be a monolayer and bilayer coverage of adsorbed CPR 
molecules, the remainder of the work discussed in this thesis will be aimed at 
monitoring conformational events occurring on monolayer coverage of full length 
CPR. This is because it is the full length CPR form of the molecule which is 
expected to involve the largest conformational events linked to electron transfer 
process to occur. 
 
6.4 Comparison of RAS of a Monolayer P499C FAD and 
Full Length CPR  
 
The work presented in this chapter has shown the RA spectra produced after the 
adsorption of a monolayer and bilayer of both the isolated and full length variant of 
mutant CPR as shown in figures 6.1 and 6.10. The RA spectra attributed to the 
monolayer adsorption of isolated FAD and full length CPR have been compared in 
and are shown in figure 6.11. The RA spectra follow a very similar shape, however 
there are subtle differences between the monolayer FAD and monolayer full length 
CPR data as shown in figure 6.11. 
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Figure 6.11: RA spectra of monolayer of P499C FAD at -0.657 V (pink line) and 
P499C full length CPR (blue line) obtained by subtracting the corresponding 
Au(110) spectrum from the Au(110) + protein spectrum all recorded in 0.1 M 
NaH2PO4/K2HPO4 (pH 7.2). 
 
 The similarity of the RA spectral shapes in figure 6.11, indicates that both 
FAD and full length CPR molecules adsorb in a very similar orientation, it also 
suggests that the RAS contribution from the FMN domain is relatively weak. 
Although the two spectra follow a very similar spectral shape it is interesting to note 
that the intensity of the FAD spectrum is greater across the full range spectral range. 
This difference could be attributed to the difference in surface morphology of the 
Au(110) substrate between experiments caused by slight variations in the flame 
annealing procedure [19-22] However it is also possible that the FAD molecules 
adsorb with a greater overall anisotropy than the full length CPR molecules causing 
an increase in the RAS signal. This is possible as the FMN domain is expected to be 
relatively mobile, whereas the FAD molecule is expected to be more rigid. The 
flexibility of the FMN domain may result in a decrease in the net anisotropy.   
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6.5 Summary 
 
The RA spectral signatures of both a monolayer and bilayer coverage of variant 
CPR adsorbed on the Au(110) surface has been reported in this chapter. The 
conditions were determined after a detailed QCM-D analysis of the adsorption of 
P499C full length and isolated FAD, which was presented  in chapter 5. These RA 
spectral signatures allow rapid determination of CPR coverage, which aids in 
ensuring that an ordered monolayer of CPR has been adsorbed. This is an important 
prerequisite before an accurate investigation of potential induced conformational 
events in CPR can be studied. The data reported in this chapter is therefore part of a 
crucial step in the use of the RAS technique to investigate conformational change 
during electron transfer in CPR. 
Replicating the conditions for bilayer and monolayer adsorption determined 
in QCM-D analysis allowed the RA spectral signatures of both a monolayer and 
bilayer adsorption of CPR on the Au(110) surface to be established, which have 
been presented in this chapter. The characteristic Au-S peak at 2.54 eV was 
observed in the RA spectra of both monolayer and bilayer coverage of CPR, 
indicating that both form via the interaction between the mutant cysteine molecules 
and the Au substrate. Clear differences between the RA spectrum of a monolayer 
and bilayer demonstrated the capability and sensitivity of RAS. A more intense peak 
at 2.54 eV and a stronger contribution at lower energies were observed in the RA 
spectrum produced after the adsorption of a bilayer compared to the spectrum of a 
monolayer of CPR. Further analysis of the adsorption process was carried out using 
the Rapid RAS instrument, which monitored the RAS intensity at a range of 
energies as a function of time during the adsorption process. The Rapid RAS data 
demonstrated that there is a clear difference in the adsorption kinetics at 2.54 eV and 
2.7 eV. The adsorption kinetics at 2.5 eV implies that the adsorption process is 
dynamic, where an initial saturation of the surface is followed by a slower ordering 
process of the adsorbed CPR molecules, which increases the intensity. This 
secondary slower ordering was only observed at energies below 2.54 eV which 
suggested that the secondary ordering process does not change the net orientation of 
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the dipoles that give rise to the higher energy RAS response of adsorbed CPR 
molecules.  
The effect of azimuthal angular variation on the RA spectral intensity has 
provided information on the possible orientation of the adsorbed CPR molecules on 
the Au(110) surface which implies that the optical dipole transitions that give rise to 
the spectrum must be roughly orientated in a plane normal to the surface and along 
either the [1  

1 0] or [001] axes of the Au(110) surface. The comparison of the 
strength of features observed in the optical absorption spectrum of the molecule in 
solution with the RAS of the adsorbed molecules suggests that the reduced 
contribution to the RAS at higher energies is associated with the orientation of the 
molecules on the surface, specifically the weak contribution from the isoalloxazine 
rings could be associated with a nearly vertical orientation of the long axis of the 
isoalloxazine rings with respect to the Au(110) surface. Whereas the weak 
contribution from aromatic amino acids in the RAS has been associated with a lack 
of specific order in the orientation of these dipole moments due to the spread of 
these molecules throughout the CPR structure.   
The identification of the RA spectral signature of a monolayer of full length 
CPR adsorbed on the Au(110) surface presented in this chapter allowed the 
preparation of consistent coverage of CPR protein in subsequent RAS experiments. 
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Chapter 7  
 
 
Monitoring the Effect of Changing 
the Applied Potential on the RAS of 
a Monolayer of P499C Full Length 
CPR on the Au(110) Surface 
 
 
Having established the RA spectral signature of monolayer coverage of P499C full 
length CPR this repeats the results of the studies of changes in the RAS intensity  
profile of a monolayer of P499C full length CPR during electron transfer processes 
induced by potential control of the Au(110) electrode.  
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7.1 Introduction 
 
The ability of RAS to monitor changes in spectral intensity as a function of electrode 
potential was demonstrated in chapter 4 of this thesis. However this earlier study 
was carried out on what was later shown to be a multilayer adsorption of CPR 
molecules onto the Au(110)/electrode surface. Having established the conditions for 
monolayer adsorption of CPR and demonstrated the ability of the RAS technique to 
distinguish between bilayer and monolayer coverage of CPR, it was then possible to 
study the effect of electron transfer processes on the RAS of the adsorbed molecules. 
 In chapter 4 a technique of monitoring the RAS intensity at key energies 
during repeated potential changes was established. This involved recording the 
effects of repeated potential steps and averaging the data to reduce the noise. This 
technique has been used to obtain the data discussed in this chapter. The automated 
computer software package which allows repeated scans to start automatically and 
continue until a pre-determined time was also employed. The preliminary data 
reported in chapter 4 suggested that stepping to the 0.056 V redox potential induced 
irreversible changes in the RA spectral shape. These changes are thought to be 
associated with a changes in orientation or coverage of CPR on the Au(110) surface. 
Therefore to avoid changes to coverage or orientation and allow the RAS intensity 
to be monitored over multiple repeat potential steps, the 0.056 V electrode potential 
was avoided for the majority of experiments reported in this chapter, in order to 
minimise any inaccuracies in the data that might arise from a change in CPR 
coverage.  
The electrode potential was repeatedly stepped between -0.652 V, the 4e
-
 
reduced potential where the CPR molecule is expected to adopt an open 
conformation and -0.465 V, the 2e
-
 reduced potential where the CPR molecule is 
expected to adopt a more compact conformation [1-4]. Table 4.1 shows the redox 
potential for P499C full length CPR and also illustrates the likely sites for the 
electrons in each redox state. From this it is clear that at -0.652 V, the fully reduced 
state, there is only one possible redox state, whereas at the redox potential -0.465 V 
there are as many as three different redox states that can be adopted. Each redox 
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state may involve the CPR molecule adopting a different conformation [4]. It is not 
clear which redox state is preferred at -0.465 V, therefore by stepping to the 
electrode potential between the 4e
-
 and 2e
-
 reduced states is likely to involve 
conformational change in the CPR structure, whilst hopefully avoiding any 
irreversible changes to coverage of CPR orientation as observed in chapter 4 after 
potential steps to 0.056 V.  
 
7.2 The Effect of Electron Transfer in a Monolayer of 
Adsorbed P499C Full Length CPR 
 
The Au(110) crystal was prepared following the procedures outlined in Chapter 2 of 
this thesis. Careful control of the flame annealing process was followed to ensure 
that reproducible RA spectra of the clean Au(110) surface were produced. The 
consistent preparation of the Au(110) surface is an important prerequisite to the 
adsorption of CPR as it was shown in AFM autocorrelation data [5] that the 
substrate appears to contribute to the local order of the adsorbed molecules.  
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Figure 7.1: RA spectra produced at the applied electrode potentials of -0.652 V 
(pink line) and -0.465 V (blue line) of a) the clean Au(110), b) Au(110) + P499C 
full length CPR after monolayer adsorption and c) P499C full length CPR obtained 
after the subtraction of the RAS of clean Au(110) from the RAS of Au(110) + CPR 
at the corresponding potentials. All RA spectra were produced in 0.1M 
NaH2PO4/K2HPO4 pH 7.2.  
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The adsorption of a monolayer of P499C full length CPR induced changes in 
the RA spectrum of the clean Au(110). These changes are shown in figure 7.1. The 
RA spectra in figure 7.1 were produced at -0.652 V and -0.465 V for clean Au(110) 
(figure 7.1 a)) and again after the adsorption of a monolayer of full length CPR 
(figure 7.1 b)) during the same experiment. The RA spectral shape remained very 
similar at each of the applied electrode potentials of -0.652 V and -0.465 V, however 
the change in potential caused a negative increase in the RAS intensity across the 
full spectral range in the RA spectra of both the clean Au(110) (figure 7.1 a)) and of 
Au(110) + CPR (figure 7.1 b)). The greatest increase in RAS intensity as the 
potential was changed was observed between 2.5 eV and 4.0 eV. However the 
change in RAS intensity as the potential was changed from -0.652 V to -0.465 V 
was significantly reduced after the adsorption of full length CPR (figure 7.1 b)). The 
intensity changed by ~ 0.3 units after the adsorption of CPR, in comparison with a 
change in intensity of ~ 1.3 units observed in the RA spectra of clean Au(110). The 
RAS contribution from the adsorbed CPR molecules shown in figure 7.1 c), was 
produced following the subtraction of the RAS of clean Au(110) from the RAS of 
Au(110) + CPR at the corresponding potentials [6-9]. The intensity of the resultant 
RA spectra in figure 7.1 c) shifts in the positive direction as the potential was 
changed from -0.652 V to -0.465 V, this change in intensity being accompanied by 
the reduction in intensity of the peak at ~ 2.54 eV and the loss of the shallow 
negative peak at ~ 3.5 eV. These observed changes in the RA spectra of CPR could 
be associated with a change in the orientation of the CPR molecules on the Au(110) 
surface which could be the result of conformational change induced by the change in 
applied potential.  
The RAS of Au(110) + full length CPR is expected to be the sum of the 
individual RAS contributions of the Au(110) and the adsorbed ordered CPR layer. 
The change in potential from -0.652 V to -0.465 V results in a more negative RAS 
profile over almost the whole spectral range for Au(110). After the adsorption of 
CPR this change in potential produced a similar but significantly reduced shift in 
profile. The relatively small intensity of the RAS of CPR (figure 7.1 c)) shows that 
the individual RAS contribution from the adsorbed CPR is small. The RAS profiles 
of Au(110) + CPR (figure 7.1 b)) are closer together than those of the clean Au(110) 
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surface (figure 7.1 a)) as a function of the applied potential. This could arise if the 
change in potential from -0.652 V to 0.056 V induces Au(110) and CPR changes in 
opposite directions.  
This is supported by the results discussed in chapter 4 for the multilayer 
adsorption of CPR which showed that the RAS intensity of Au(110) + CPR shifted 
in the opposite direction to that of the clean Au(110) as a result of increasing the 
applied potential from the negative to the more positive redox potentials. The RAS 
signal from adsorbed multilayer of CPR will be stronger than that of a monolayer 
and dominates the contribution from the Au surface. 
The Au(110) surface does not to undergo a large surface reconstruction as 
the applied potential is changed from -0.652 V to -0.465 V [10] so the negative 
increase in RAS intensity of Au(110) is not associated with a large surface 
reconstruction but is more likely to be associated with slight variations and 
movements of Au atoms on the surface. Regardless of the source of these changes in 
the RAS intensity of clean Au(110) the adsorption of a monolayer of full length 
CPR does not appear to prevent it from occurring.  
 
7.2.1 Monitoring the RAS Intensity of Au(110) + P499C 
Full Length CPR During Repeated Potential Steps Between 
-0.652 V and -0.465 V 
 
The changes in the RAS intensity of Au(110) + CPR induced by changing the 
applied electrode potential have been monitored in real time at the two energies 
2.7 eV and 2.54 eV in two separate experiments. Monitoring the RAS intensity at 
these energies is expected to offer a good chance of observing any conformational 
events linked to the electron transfer process. The 2.7 eV energy range is associated 
with the λmax of the isoalloxazine rings[11-15], whereas 2.54 eV is associated with 
the Au-S bond [16-18]. Changes in CPR conformation are expected to involve the 
relative movement of the FMN and FAD/NADPH domains [1-4,19]. Monitoring 
changes in the RAS intensity at 2.7 eV might be expected to reveal any relative 
motion of the FAD and FMN domains since each domain contains an isoalloxazine, 
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 RAS intensity was monitored during repeated potential steps using the same 
procedures described in chapter 4, following the adsorption of an ordered monolayer 
of P499C full length CPR onto the Au(110)/liquid interface. The applied electrode 
potential was stepped between two potentials ten times per scan in order to induce 
reversible electron transfer processes. Each scan was repeated several times and the 
RAS intensity was averaged over an increasing number of potential steps in order to 
improve the signal to noise. Further smoothing of the data was also performed by 
calculating a five point average. The applied potential was stepped between 
-0.652 V (0 – 60 seconds) and -0.465 V (60 – 120 seconds). This change in applied 
potential is expected to induce a two electron transfer process in the adsorbed CPR 
molecules, from a fully reduced state to the two electron reduced state, at -0.652 V 
and -0.465 V respectively (Table 4.1). The two electron reduced state at -0.465 V 
can correspond to several possible redox states, the di-semiquinone: FAD/FMN 
state or the hydroquinone states: FAD/FMNH2 and FADH2/FMN, as shown in table 
4.1 [20]. 
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Figure 7.2: RAS intensity as a function of stepping the applied potential between 
-0.652 V and -0.465 V after the adsorption of a monolayer of P499C full length CPR 
at 2.7 eV (left side of chart) and 2.54 eV (right side of chart). In each case the 
average RAS intensity (pink line) was obtained after a) 5 b) 10 c) 25 and d) 50 
potential steps and is shown with the corresponding 5 point smoothing average (blue 
line). The RA spectra at each energy have been shifted on the y-axis allowing them 
to be stacked for clarity. The 2.54 eV RAS intensity data has also been shifted on the 
x-axis to allow side by side comparison between the two energies, the arrow on the 
x-axis corresponds to 20 seconds.  
 
 The data on the left of figure 7.2 show the average RAS intensity at 2.7 eV 
as a function of the repeated potential step produced after averaging the RAS 
intensity obtained after 5, 10, 25, and 50 potential steps. As the potential was 
changed from -0.652 V to -0.465 V at 60 seconds, an initial negative change in the 
RAS intensity of ~ 0.3 units was observed at 2.7 eV which occurred over 
approximately 10 seconds (figure 7.2). After the initial negative increase in 
intensity, 3 small positive features ~ 0.04 units in intensity were observed in the 
RAS intensity at 2.7 eV which were observed approximately 20, 40 and 55 seconds 
after the potential was changed to 0.056 V as shown by the arrows in figure 7.2 left 
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side of chart). Averaging the RAS intensity over an increasing number of potential 
steps resulted in the significant reduction in noise but also in the intensity of the 3 
features, as shown in figure 7.2 a)-d) left hand side of chart.  
The RAS intensity monitored at 2.54 eV during the same potential step in a 
separate experiment is shown in the right hand side of the graph in figure 7.2, which 
also shows the average RAS intensity obtained after 5, 10, 25 and 50 potential steps 
and the 5 point smoothing average. The RAS intensity at 2.54 V again shifts in the 
negative direction by ~ 0.3 units as the potential was changed to -0.465 V after 60 
seconds at -0.652 V. Following this large initial shift in intensity a small feature 
approximately 0.04 units high was also observed in the RAS intensity at 2.54 eV. 
This small negative feature was observed approximately 20 seconds after the 
potential was changed to -0.465 V. The intensity of this feature also reduced 
significantly as the RAS intensity was averaged over an increasing number of 
potential steps (figure 7.2 a) -d) right hand side of chart). 
The features observed in the RAS intensity at 2.7 eV are similar in intensity 
and occur on a similar time scale to those observed at the same energy in chapter 4. 
The 3 features occur on a much slower timescale than the initial ~ 0.3 unit change in 
RAS intensity, which could be associated with a change in orientation of the 
adsorbed CPR molecules on the Au(110) surface. The change in potential from 
-0.652 V to -0.465 V is expected to induce a change in conformation of CPR [1-4]. 
The 3 oscillations observed at 2.7 eV could be a signal of a subtle change in 
conformation, possibly involving the relative change in orientation of the FAD and 
FMN domains. The observation of a small negative feature of similar intensity in the 
RAS at 2.54 eV (figure 7.2 right side of graph) could also be associated with 
changes in conformation of two domains as the broad 2.7 eV peak associated with 
the isoalloxazine rings which was observed in the absorption spectrum of P499C full 
length CPR shown in figure 7.4, may overlap with the signal from the Au-S bond at 
2.54 eV [13]. The overlapping of the RA signals from the isoalloxazine rings and the 
Au-S bond has been discussed previously in chapter 6. It is important to note that the 
features observed at both 2.54 eV and 2.7 eV as a result of stepping the applied 
potential reduced significantly as the intensity was averaged over an increasing 
number of potential steps. This suggests that the features could result from noise. 
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However it is also possible that as the number of potential steps is increased the 
adsorbed CPR molecules may lose some of their functional ability or even start to 
desorb from the Au(110) surface, which might also cause the signal to reduce as a 
function of the number of potential steps. Evidence for this was shown in chapter 4, 
where significant changes were observed in RA spectra after repeated potential 
steps. This suggested that the adsorbed CPR molecules had possibly become 
denatured or partially desorbed from the Au(110) surface. Therefore it is likely that 
the adsorbed protein becomes damaged after repeated cycling of the applied 
potential.  
 
7.2.2 Monitoring the RAS Intensity of Clean Au(110) 
During Repeated Potential Steps Between -0.652 V and 
-0.465 V 
 
In order to probe the origin of the oscillations observed in the RAS intensity after 
the adsorption of a monolayer of CPR, the RAS intensity of clean Au(110) at 2.7 eV 
has been monitored during the same repeated potential step. The RAS intensity was 
averaged over increasing numbers of potential steps and again this was carried out 
following the procedures described in chapter 4.  
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Figure 7.3: RAS intensity as a function of stepping the applied potential between 
-0.652 V and -0.465 V after the adsorption of a monolayer of P499C full length CPR 
at 2.7 eV (left side of chart) and for the clean Au(110) surface at 2.7 eV (right side 
of chart ).The RAS intensity profiles have been shifted on the y-axis allowing the 
data to be presented in stacked formation for clarity. In each case the average RAS 
intensity was obtained after a) 5 b) 10 c) 25 and d) 50 potential steps and is shown 
with the corresponding 5 point smoothing average. The arrow on the x-axis 
corresponds to 20 seconds.  
 
  After the applied potential was changed to -0.465 V the RAS intensity at 
2.7 eV of clean Au(110) shifts in the negative direction by ~ 0.5 units, which occurs 
over ~ 10 seconds after the potential was changed. This change in RAS intensity in 
the clean Au(110) data is greater than that observed after the adsorption of CPR at 
both 2.7 eV as shown in figure 7.3 left side of chart and at 2.54 eV as shown in 
figure 7.2 right side of chart. However the intensity does change over a similar 
timescale. After this initial change in RAS intensity of clean Au(110), shown in 
figure 7.3 right hand side of chart, two possible features were observed after ~ 15 
and ~ 43 seconds of changing the applied potential to -0.465 V. These features are 
similar in shape to the ones observed in the RAS data after the adsorption of CPR 
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but only have an intensity of ~ 0.02 units significantly smaller than the intensity, 
~ 0.04 units, of the features observed after the adsorption of full length CPR (figure 
7.3). The features in the RAS intensity of clean Au(110) also reduce significantly in 
intensity as the number of potential steps averaged was increased. The change in 
RAS intensity of clean Au(110), as the potential was changed to -0.465 V is not 
associated with a large surface reconstruction and could be attributed to slight 
changes in arrangement of Au atoms on the Au(110) surface.  
 The comparison of the RAS intensity of clean Au(110) and Au(110) + CPR 
at 2.7 eV as a function of the same change in applied potential, might suggest that 
the features observed in both data sets may be due to a contribution from 
instrumental noise. However the features are more intense after the adsorption of a 
monolayer of full length CPR and appear to reduce in intensity at a slower rate than 
for Au(110) as the RAS response is averaged over an increasing number of potential 
steps, as shown in figures 7.2 and 7.3. 
There are some similarities between the RAS response of clean Au(110) and 
after the addition of CPR, including the direction of the intensity change and the 
time scale of the initial change in intensity. These changes are now examined in 
detail using the rapid RAS instrument. 
 
7.2.3 Monitoring the RAS Intensity of Clean Au(110) and 
After the Adsorption of a Monolayer of Full Length CPR as 
a Function of Applied Potential Using the Rapid RAS 
Instrument 
 
The rapid RAS instrument employs a 32 channel UV enhanced photodiode array 
which allows the RAS intensity to be monitored over a range of wavelengths in very 
short time scales simultaneously. This instrument was described in detail earlier [21] 
and in chapter 2 and was used to monitor the RAS intensity of both the clean 
Au(110) and Au(110) + CPR as a function of changing the applied electrode 
potential. 
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 The RAS intensity of clean Au(110) in 0.1 M NaH2PO4/K2HPO4 pH 7.2 was 
monitored as the potential was stepped every 60 seconds in sequence through the 
redox potentials of full length CPR from -0.652 V through to 0.056 V and then  in 
reverse order back to -0.652 V. After the RAS intensity of the clean Au(110) had 
been monitored a monolayer of P499C full length CPR was adsorbed onto the 
Au(110) surface and the RAS intensity was again monitored as a function of the 
same potential steps. This allowed a direct comparison of the RAS response of clean 
Au(110) and Au(110) + CPR uncompromised by any slight variations in the RAS 
induced by differences in specimen preparation and the flame annealing and crystal 
preparation process. 
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Figure 7.4: Rapid RAS intensity of clean Au(110) (pink line) and Au(110) + full 
length CPR (blue line) recorded as a function of stepping the applied potential 
between -0.652 V, -0.557 V, -0.465 V, -0.376 V and 0.056 V in sequence every 60 
seconds starting and finishing at -0.652 V. The RAS intensity is shown at a) 2.53 eV 
b) 2.73 eV and c) 3.26 eV.    
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 The RAS intensity of both clean Au(110) and Au(110) + CPR at 3 energies 
across the RA spectral range are shown in figure 7.5. The change in RAS intensity 
of clean Au(110) is greater than that of Au(110) + CPR, with the largest change in 
RAS intensity of both the clean Au(110) and Au(110) + CPR observed between 240 
seconds and 300 seconds, as the applied potential was changed from -0.376 V to 
0.056 V. The change in RAS as the potential is changed from -0.376 V to 0.056 V is 
associated with the surface reconstruction from a (13) to the anion induced (11) 
surface structure for clean Au(110) [10] as shown in figure 7.5 a). However the RA 
spectral signature of the anion induced (11) surface structure is not observed at 
0.056 V after the adsorption of a monolayer of P499C full length CPR, as shown in 
figure 7.5 b). These results establish that the RAS response of the Au(110) surface 
as a function of the applied potential is significantly modified by the adsorption of 
CPR. Both the RAS intensity of clean Au(110) and Au(110) + CPR demonstrate a 
slight irreversibility in the RAS intensity at corresponding changes in the applied 
potential. In both cases the RAS intensity observed at -0.376 V does not return to the 
same intensity at -0.376 V after the potential was stepped to 0.056 V (figure 7.4). 
This may be the result of a slightly mixed surface structure after the potential is 
changed from 0.056 V to -0.376 V.  
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Figure 7.5: RA spectra produced at -0.376 V (pink line) and 0.056 V (blue line) of a) 
the clean Au(110) surface and b) Au(110) + full length CPR, produced 
approximately 90 minutes after the clean Au(110) spectra were produced.   
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Figure 7.6: The RAS intensity of a) clean Au(110) and b) Au(110) + CPR as the 
applied potential is changed from -0.376 V to 0.056 V at 240 s and back to -0.376 V 
at 300 s monitored at 1.84 eV (pink line), 2.07 eV (dark blue line), 2.59 eV (yellow 
line), 2.73 eV (green line), 2.89 eV (red line), 3.16 eV (blue line), 3.26 eV (brown 
line), 3.74 eV (black line). 
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The effect of changing the applied potential between the negative redox 
potentials of -0.652 V, -0.557 V, -0.465 V and -0.376 V induces only a small change 
in the RAS intensity of both the clean Au(110) and after the adsorption of CPR, as 
observed in figure 7.5 as the potential was stepped between the negative potentials 
between 0 to 240 seconds and 300 to 600 seconds. The influence of the adsorption 
of CPR can be more clearly observed by comparing the RAS intensity as the 
potential is changed from -0.376 V to 0.056 V and back to -0.376 V after 60 seconds 
for both clean Au(110) and Au(110) + CPR, as shown in figure 7.6. 
The RAS intensity of clean Au(110) increases in the negative direction by a 
greater amount than the intensity of Au(110) + CPR as the potential is changed from 
-0.376 V to 0.056 V. The dynamics of this change in RAS intensity of the clean 
Au(110) appears to involve two stages with a quick initial change followed by a 
slower change. The RAS intensity changes very quickly over approximately the first 
5 seconds and then follows a slower steady negative increase in intensity which 
continues until the potential is switched from 0.056 V to -0.376 V. This secondary 
change in intensity is clearly observed at 1.84 eV, 2.07 eV, 2.59 eV and 2.73 eV as 
shown in figure 7.6 a). This apparent two stage change in RAS intensity does not 
occur across the full spectral range. At higher energies, between 3.16 eV and 
3.26 eV the RAS intensity appears to change quickly and then reach a maximum 
after ~ 5 seconds, as shown in figure 7.6 a).  
The changes in RAS intensity as a function of the corresponding applied 
potential changes after the adsorption of a monolayer of CPR are shown in figure 
7.6 b). The adsorption of full length CPR reduces the overall change in RAS 
intensity observed and also appears to affect the dynamics of the intensity change. 
The two stage change in RAS intensity clearly observed in the RAS of clean 
Au(110) (figure 7.6 a)) is much more subtle after the addition of CPR and the RAS 
intensity appears to follow the same dynamics across the full spectral range. These 
differences in the dynamic behaviour of the RAS intensity as the potential was 
changed from -0.376 V to 0.056 V suggest that the adsorption of CPR molecules 
influences the RAS response as a function of applied potential. The slower 
secondary negative drift in RAS intensity observed after the initial rapid change in 
intensity as the potential is changed from -0.376 V to 0.056 V has been measured 
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across the full spectral range for both clean Au(110) and Au(110) + CPR and is 
shown in figure 7.7. The RAS intensity of the clean Au(110) surface drifts by 
approximately 1.0 units following the initial rapid change in intensity as the 
potential is changed from -0.376 V to 0.056 V. This secondary negative drift in RAS 
intensity is shown to decrease drastically between 3.0 eV and 3.5 eV for clean 
Au(110) in figure 7.7. The RAS intensity after the adsorption of a monolayer of 
CPR only drifts by ~ 0.08 units following the initial intensity increase after the 
potential was changed from -0.376 V to 0.056 V. This drift in intensity after the 
adsorption of a monolayer of CPR is shown to remain almost constant across the full 
spectral range in figure 7.7. The data in figure 7.7 clearly demonstrates that the 
adsorption of CPR influences the RAS intensity dynamics of the Au(110) surface. 
The two stage change in RAS intensity observed for clean Au(110) could be 
associated with the surface reconstruction from the (13) to the anion induced 
(11) surface structure induced by change the applied potential to the 0.056 V. The 
secondary slower change in RAS intensity could be associated with a slower 
ordering process which may involve the ordering of the adsorbed anions on the Au 
surface, which is not expected to occur after the adsorption of CPR.  
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Figure 7.7: Difference in RAS intensity 10 seconds after the potential was changed 
to 0.056 V and again 40 seconds later for clean Au(110) (blue line) and Au(110) + 
CPR (pink line). 
 
 The rapid RAS data clearly demonstrates that the adsorption of CPR 
influences the RAS response of the Au(110) surface as a function of applied 
potential, with a significant reduction in the overall change in intensity as well as 
changes in the dynamics of the intensity shift. However similarities between the 
RAS response of Au(110) and Au(110) + CPR were also observed, such as the 
observed irreversible behaviour of the RAS intensity after the 0.056 V potential step 
and the fact that the largest change in RAS intensity was observed in both the clean 
Au(110) and Au(110) + CPR data as the potential was changed from -0.376 V to 
0.056 V. These similarities suggest that the Au(110) substrate could also influence 
the RAS Au(110) + CPR but it is difficult to accurately determine the extent of this.  
 
7.3 Summary 
 
This chapter has demonstrated the effect of changing the applied electrode potential 
on the RAS response of both clean Au(110) and Au(110) + CPR. This potential step 
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induces a 2 electron transfer in CPR which is expected to be accompanied by 
extensive domain motion [1-4]. The data discussed in this chapter demonstrate how 
this change in potential induces a shift in the RAS intensity of Au(110) + CPR after 
which small features were observed in the RAS intensity at 2.7 eV and 2.54 eV. 
These features are of a similar intensity and occurred on a similar time scale to the 
ones observed in the preliminary data in chapter 4. The features could be associated 
with conformational events in CPR induced by the electron transfer process. 
However as the RAS intensity was averaged over an increasing number of potential 
steps the intensity of these features decreased. It is possible that as a result of 
repeated potential steps the CPR molecules denature, if this was to happen then it 
would affect the function of the adsorbed CPR molecules, which could prevent or 
restrict conformation events in CPR. This would account for the decrease in 
intensity of the features observed in the average RAS intensity of multiple potential 
steps. However the decrease in intensity of the features could also indicate that they 
are caused by a contribution from instrumental noise. The same potential steps 
induced a similar but greater shift in RAS intensity of clean Au(110). Small features 
were also observed in the RAS intensity of clean Au(110), which could be 
associated with the features observed in the RAS intensity after the adsorption of 
CPR. However the rapid RAS data has demonstrated that the adsorption of CPR 
influences the RAS response to the applied potential and highlighted clear 
differences in the RAS response of clean Au(110) and Au(110) + CPR. Despite 
these differences it is very difficult to accurately pin down a signal produced by a 
change in conformation of the adsorbed CPR molecules. 
 Although the data discussed in this chapter have highlighted some 
differences in the RAS response as a result of the adsorption of CPR, some 
similarities between the RAS intensity of clean Au(110) and Au(110) + CPR as a 
function of applied potential were also observed. In order to extract accurate 
information on conformational events in the adsorbed CPR molecules it is necessary 
to separate as much of the RAS signal of the Au(110) substrate from that of the 
adsorbed CPR molecules as possible. The following chapter of this thesis explores 
techniques that achieve this aim. 
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Chapter 8 
 
 
Further Investigation and Analysis 
of Protein Adsorbed at the 
Au(110)/Electrolyte Interface 
 
 
This chapter discusses the RAS data of P499C full length CPR adsorbed onto the 
Au(110)/electrode as a function of applied potential in detail and attempts to 
separate the RAS signal of the adsorbed CPR molecules from that of the Au(110) 
substrate through further analysis. 
 
 
 
 
 
 
 
 
 
 
 
 
 208 
8.1 Introduction 
 
The effect of stepping the applied electrode potential between the redox potentials of 
the P499C full length cytochrome P450 reductase (CPR) has been shown to induce 
changes in the RAS intensity. Small features have been observed in the RAS 
intensity following changes to the potential applied to the Au(110) substrate when 
monitored at key energies. These small features may be associated with 
conformational events in the adsorbed CPR molecules as discussed in chapter 7. 
However the work discussed in chapter 7 also demonstrated that the same potential 
step also induces changes in the RAS intensity of the clean Au(110) surface and 
despite clear differences in the dynamics and overall intensity of these changes it is 
very difficult to separate the RAS contribution from the adsorbed CPR molecules 
and the Au(110) substrate. 
The work presented in this chapter seeks to establish the extent to which the 
Au(110) surface contributes to the RAS of Au(110) + CPR at various redox 
potentials, and explores possible techniques of reducing the RAS contribution from 
the Au(110) substrate.  
 
8.2 Does the Adsorption of P499C Full Length CPR 
Prevent the Au(110) Surface from Reconstructing? 
 
The potential range in which the CPR molecules are expected to change 
conformation is known to induce a surface reconstruction of the clean Au(110) 
surface which reconstructs from a (13) structure to the anion induced (11) 
structure as the potential is changed from the negative redox potentials to 0.056 V 
[1]. This change in surface structure induces a large change in the RAS of clean 
Au(110) and the dynamics of the intensity change have been monitored in the rapid 
RAS data in chapter 7. However it is difficult to determine the interactions between 
the adsorbed molecules and the Au(110) substrate and to separate their contributions 
to the RAS profile. It has been established that in some circumstances the adsorption 
of molecules can restrict the reconstructions of the Au(110) surface [2]. Mansley et 
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al. [2] showed that the adsorption of cytosine onto the (11) Au(110) surface 
prevented the Au(110) surface from reconstructing to the (13) surface structure as 
a function of applied potential. It is therefore important to establish to what extent 
the adsorption of P499C full length CPR restricts the Au(110) surface from 
reconstructing as a function of applied potential.  
The RA spectra of the clean Au(110) at applied electrode potentials of 
-0.652 V, -0.557 V, -0.465 V, -0.376 V and 0.056 V, has been shown and discussed 
in detail in chapter 4.2 and are shown in figure 8.1 a). The RA spectra of Au(110) 
after the adsorption of a monolayer of P499C full length CPR  produced at the 
potentials -0.652 V, -0.557 V, -0.465 V, -0.376 V and 0.056 V are shown in figure 
8.1 b). The RA spectra all follow a very similar shape with a negative increase in 
intensity observed as the potential is changed to increasingly more positive redox 
potentials (figure 8.1 b)). The largest change in intensity was observed as the 
potential is changed to 0.056 V. The RA spectral shape at 0.056 V however 
remained very similar to the spectra produced at the negative redox potentials as 
shown in figure 8.1 b). The similarity of the RA spectra produced at all the applied 
potentials after the adsorption of CPR and the lack of any large changes in the RA 
spectral shape suggests that that the Au(110) surface does not undergo a large 
surface reconstruction at 0.056 V after the adsorption of a monolayer of CPR. 
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Figure 8.1: RA spectra of a) Au(110) and b) Au(110) + CPR in 0.1 M 
NaH2PO4/K2HPO4 pH 7.2 recorded at 0.056 V (pink line), -0.376 V (green line), -
0.465 V (turquoise line), -0.557 V (red line) and -0.652V (blue line) vs SCE. 
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Figure 8.2: RA spectra of P499C full length CPR at 0.056 V (pink line), -0.376 V 
(green line), -0.465 V (turquoise line), -0.557 V (red line) and -0.652V (blue line) vs 
SCE, produced after a) the subtraction of the RAS of Au(110) from the RAS of 
Au(110) at corresponding potentials and b) the subtraction of the RAS of Au(110) at 
-0.652 V from the RAS of Au(110) + CPR at all potentials. 
 
 212 
The RA spectra attributed to the adsorbed CPR molecules have been 
obtained using the methodology used both in previous work [2-5] and explained in 
chapter 4. Figure 8.2 a) shows the results of subtracting the RAS of Au(110) from 
the RAS of Au(110) + CPR produced at the corresponding applied potentials. The 
RA spectra in figure 8.2 b) were produced by subtracting the RAS of Au(110) at 
-0.652 V, the potential at which the CPR molecules adsorbed onto the Au(110) 
surface, from the RAS of Au(110) + CPR obtained at all the redox potentials. The 
RA spectra in figure 8.2 a) produced at negative redox potentials follow a similar 
spectral shape, however the RA spectrum of CPR at 0.056 V in figure 8.2 a) is very 
different, both in spectral shape and intensity. This large change in RA spectral 
shape at 0.056 V was not expected due to the observation of very similar RA spectra 
of Au(110) + CPR at all redox potentials, as shown in figure 8.1 suggesting that it 
arises from the large changes observed in the RAS of the Au(110) as the applied 
potential is varied. The RA spectra in figure 8.2 b) which have been produced by 
subtracting the RAS of Au(110) at -0.652 V from all the spectra in figure 8.1 all the 
resultant spectra have a very similar spectral shape, with only a variation in intensity 
observed as the potential is changed. The largest change in intensity was observed at 
0.056 V. This variation between the RA spectra produced at each potential is 
consistent with the spectral variation observed in figure 8.1 and suggests that the 
adsorption of P499C full length CPR freezes the Au(110) surface in the (13) 
surface structure. 
 
8.2.1 Simulation of RA Spectra of Au(110) + P499C Full 
Length CPR 
 
An alternative way of exploring whether the Au(110) surface is frozen in a (13) 
structure at all potentials after the adsorption of CPR can be achieved by simulating 
the RA spectra using the approach of Mansley et al. [2]. It is assumed that the 
spectra of Au(110) + CPR is a the sum of RAS contribution from the Au(110) 
surface and the adsorbed CPR molecules and a simulated RA spectrum is produced 
by adding different weighted combinations of these two contributions.  
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The simulation assumes: 
 
RAS Au(110)/full length CPR at redox potential = X*(RAS of Au(110) at redox 
potential) + Y*(RAS of full length CPR/Au at -0.652 V)                (Equation 8.1) 
 
where X and Y are percentages and the RAS of Au(110) at each potential is taken 
from figure 8.1 a) and the RAS of full length CPR/Au(110) at -0.652 V is taken 
from figure 8.1 b). 
 
Simulated RA spectra were produced at each redox potential by varying the 
values of X and Y in equation 8.1, where χ2 minimisation was used to produce the 
best possible simulation. This procedure assumes that the RAS contribution from 
CPR does not change as a function of the applied potential. The simulated RA 
spectra are shown in figure 8.3 along with the corresponding experimental RA 
spectra at each potential.  
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Figure 8.3: Experimental RA spectra of Au(110) + full length CPR (red line) and 
simulated RA spectra of Au(110) + full length CPR (blue line) at a) -0.557 V, b) 
-0.465 V, c) -0.376 V and d) 0.056 V vs SCE. 
 
 The simulated spectra in figure 8.3 are very close to the experimental RA 
spectra produced at each potential, so the values of X and Y used to simulate each 
spectrum can provide an idea of the how much the Au(110) substrate and the CPR 
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RAS contributions change as a function of applied potential. The X and Y values for 
each of the simulated spectra are shown in table 8.1. If the value of Y remained 
unchanged in each of the simulated spectra then it would indicate that the RAS 
contribution from the Au(110) substrate and the adsorbed CPR does not change as a 
function of applied potential. However the values of X and Y, shown in table 8.1, 
demonstrate that at more positive potentials the simulated spectra were produced by 
increasing the value of X and decreasing the value of Y. This indicates that as the 
potential is made more positive the RAS contribution from the Au(110) substrate 
changes however it could also indicate that the RAS of the adsorbed CPR changes. 
Whilst the simulated spectra are in good agreement with the recorded RA spectra 
(figure 8.3) and the values of X and Y can provide some insight into the Au 
reconstructions after the adsorption of CPR it is difficult to separate changes in the 
RAS contributions of the Au(110) substrate and the adsorbed CPR. 
 
 Percentage 
Potential X Y 
-0.652 V 0 100 
-0.557 V 1 99 
-0.465 V 8 92 
-0.376 V 12 88 
0.056 V 33 67 
 
Table 8.1: X and Y percentage values used in equation 8.1 to simulate RA spectra at 
each potential. 
 
8.2.2 Adsorption of CPR Impedes the Potential Induced 
(13) to (11) Reconstruction of Au(110) 
 
As the simulated data in the previous section did not provide conclusive evidence 
that the adsorption of CPR impedes the Au(110) surface reconstruction from the 
(13) to the anion induced (11) surface structure, the work presented in this 
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section aims to confirm that the adsorption of CPR prevents the surface 
reconstruction of the Au(110) surface. Figure 8.3 shows the RA spectra of the 
Au(110) surface at -0.652 V and 0.056 V in the buffer solution used in this work and 
compares these spectra to the RA spectral signatures of the Au(110) (13) and 
anion induced (11) surface structures. The RA spectrum observed at -0.652 V is 
very similar to the spectral signature of the (13) surface structure, as shown in 
figure 8.3. The data in figure 8.3 also shows the similarity between the RA spectrum 
of the Au(110) anion induced (11) and the RA spectrum produced at 0.056 V. 
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Figure 8.3: RA spectra of Au(110) in 0.1M NaH2PO4/K2HPO4 pH 7.2 at -0.652 V 
(red line) and 0.056 V (blue line) along with the RA spectral signatures of the anion 
induced (11) (dark blue line) and (13) (pink line) Au(110) surface 
reconstructions [1]. 
 
Following the adsorption of full length CPR onto the Au(110) surface at 
-0.652 V the applied potential was changed to 0.056 V. The result of subtracting the 
RAS of Au(110) surface at 0.056 V from the RAS of Au(110) + CPR at 0.056 V is 
shown in figure 8.4. This spectral difference is remarkably similar to the difference 
between the RAS of Au(110) at -0.652 V and 0.056 V. This similarity demonstrates 
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that when the applied potential changes from -0.652 V to 0.056 V the Au(110) 
surface is unable to change to the (11) anion induced structure when it is covered 
by a monolayer of adsorbed CPR. This result is expected as the adsorption of CPR 
should prevent the adsorption of anions.  
 
0
1
2
3
4
5
6
7
8
1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
Energy (eV)

R
e(
D
r /
r)
 x
1
0
-3
 
Figure 8.4: RA spectral differences produced following the subtraction of the RAS 
of clean Au(110) at 0.056 V from the RAS of clean Au(110) at -0.652 V (blue line) 
and the subtraction of the RAS of clean Au(110) at 0.056 V from the RAS of 
CPR/Au at 0.056 V (pink line).  
 
 The difference between the two subtractions in figure 8.4 should correspond 
to the RAS of CPR adsorbed on the Au(110) surface in an oxidised state. This 
difference is shown in figure 8.5 where it is compared to the RAS of adsorbed CPR 
in a reduced state at -0.652 V produced following the subtraction of Au(110) at 
-0.652 V from the RAS of Au(110) + CPR at -0.652 V. The spectra in figure 8.5 are 
similar in shape but differ in intensity, specifically the negative intensity of two 
features at ~ 2.6 eV and ~ 3.5 eV are increased in the RA spectrum of CPR at 
0.056 V, as shown in figure 8.5. Since the intensity of a RAS signal depends on the 
degree of order on the surface the differences in intensity between the two RAS 
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profiles in figure 8.5 could be explained by noting that the spectrum of CPR 
produced at 0.056 V is associated with oxidised CPR, which is expected to adopt a 
more compact ‘closed’ structure, whereas the spectrum produced at -0.652 V 
corresponds to reduced CPR which is expected to adopt a more open structure [6-9]. 
This difference in conformation of the adsorbed CPR molecules may result in a 
reduction in the degree of order on the surface at -0.652 V.  
 
-5
-4
-3
-2
-1
0
1
2
3
1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
Energy (eV)

R
e(
D
r /
r)
 x
1
0
-3
  
Figure 8.5: RA spectra of reduced CPR at -0.652 V (blue line) produced following 
the subtraction of the RAS of clean Au(110) at -0.652 V from the RAS of Au(110) + 
CPR at -0.652 V, and RA spectral difference between the spectra in figure 8.4 (pink 
line), which can be attributed to the RAS of oxidised CPR at 0.056 V.  
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Figure 8.6 Absorbance spectra produced after mixing a) 20-fold excess and b) 
stoichiometric amounts of NADPH with oxidised CPR in solution. In each case the 
oxidised spectrum refers to the pink line whilst the reduced CPR spectrum refers to 
the blue line. Data reproduced from [10].  
 
The data in figure 8.5 can be compared to the difference between absorbance 
spectra of oxidised and reduced CPR produced in earlier stopped-flow experiments 
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by S. Brenner et al. [10], where oxidised CPR in solution was reduced by mixing 
with either a 20-fold excess or stochiometric amounts of NADPH at pH 7.0 as 
shown in figure 8.6. The absorbance spectra shown in figure 8.6 both show a feature 
at ~ 2.7 eV and the data produced by mixing stoichiometric amounts of NADPH 
also shows a feature at ~ 3.5 eV. The intensity of these features is increased in the 
oxidised CPR, which is similar to the increase in the intensities of the negative peaks 
shown at these energies in figure 8.5. This suggests that the changes in RA spectral 
intensity observed in figure 8.5 are the result of the oxidation and reduction of the 
adsorbed CPR molecules. 
In chapter 4 it was shown how stepping the applied potential between the 
redox potentials of the fully reduced (-0.652 V) and fully oxidised (0.056 V) states 
of what is now known to be a multilayer of CPR induced long term changes in the 
RAS. A similar but less prominent effect has been observed in the data produced 
after the adsorption of a monolayer of CPR. Figure 8.7 shows the RAS of the 
adsorbed CPR immediately after the adsorption on the Au(110) (13) surface at 
-0.652 V. This is compared with the RAS of CPR at the same potential but 
following the oxidation of the protein by changing the potential to 0.056 V. 
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Figure 8.7: RA spectra of CPR at -0.652 V produced following the subtraction of the 
RAS of Au(110) at -0.652 V from the RAS of CPR/Au at -0.652 V recorded 
immediately after adsorption on the (13) surface at -0.652 V (blue line) and after 
changing to 0.056 V and back to -0.652 V (pink line). 
 
The effect oxidising the protein and then reducing it has increased the 
intensity of the RAS profile but has not changed its shape. This difference could 
arise from the formation of a more ordered monolayer on the surface resulting from 
the conformational changes expected on going from a reduced to an oxidised to a 
reduced form. Alternatively once the CPR has been oxidised on the surface and 
adopted a more closed structure it may not be possible for the structure to receive 
electrons from the Au substrate when the potential is changed to -0.652 V. If this is 
the case then the difference between the two profiles shown in figure 8.7 should 
correspond to the difference in the absorption spectrum of the oxidised and reduced 
form of CPR in solution shown in figure 8.6 a) and b) . The RA spectra in figure 8.7 
shows an increase in features at ~ 2.6 eV and ~ 3.5 eV upon oxidation and reduction, 
which is in good agreement with the absorbance spectra of oxidised and reduced 
CPR produced in stopped-flow experiments [10]. However at the lower energy 
range the stopped-flow data [10] shows a clear increase in intensity in the reduced 
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spectrum between 2.0 eV and 2.5 eV (figure 8.6). This increase in intensity is not 
observed in the RA spectra shown in figure 8.7. This difference between the RA 
spectra and the stopped-flow data may be attributed to a weaker contribution from 
the adsorbed CPR molecules in the 2.0- 2.5 eV region of the spectrum. The 
association of the spectral difference with the oxidised and reduced forms of CPR is 
supported further by noting that a similar spectral difference was observed between 
the spectra in figure 8.5. The difference between the intensity of the features is 
greater in figure 8.5 which could be associated with the fact that the spectra in figure 
8.5 were produced at -0.652 V and 0.056 V so it would be expected that more 
adsorbed CPR molecules would be in the oxidised state at 0.056 V, whereas the 
spectra in figure 8.7 were both produced at -0.652 V and with an RAS contribution 
from oxidised CPR molecules expected to arise from an irreversibility in the 
oxidation and reduction of CPR adsorbed on the Au(110) surface which may not 
effect all the adsorbed CPR molecules.  
 
8.2.3 Interaction Between CPR and the Anion Induced 
(11) Reconstruction of Au(110) 
 
The previous section suggests that the adsorption of CPR at -0.652 V freezes the 
Au(110) surface in the (13) reconstruction. The results of a corresponding study in 
which CPR was adsorbed on the Au(110) surface in the anion induced (11) 
surface structure at 0.056 V, is now presented. Following the adsorption of CPR at 
0.056 V the applied potential was changed to -0.652 V, the RAS of Au(110) at 
-0.652 V was then subtracted from the RAS of Au(110) + CPR at -0.652 V. This 
spectral difference is compared with the difference between the RAS of Au(110) at 
0.056 V and -0.652 V as shown in figure 8.8.  
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Figure 8.8: RA spectral differences produced following the subtraction of the RAS 
of clean Au(110) at -0.652 V from the RAS of clean Au(110) at 0.056 V (blue line) 
and the subtraction of the RAS of clean Au(110) at -0.652 V from the RAS of 
CPR/Au adsorbed at 0.056 V and measured at -0.652V (pink line).  
 
 The two spectra in figure 8.8 show strong similarities but they do not agree 
with each other as well as the comparison shown in figure 8.4 after the adsorption of 
CPR onto the Au(110) surface at -0.652 V. This suggests that the adsorption of CPR 
at 0.056 V may not prevent the Au(110) surface from reconstructing to the (13) 
structure as the potential is changed to -0.652 V possibly because the presence of 
anions on the surface at 0.056 V prevents or impedes the formation of an ordered 
monolayer of CPR. Following the same methodology used previously the difference 
between the spectra in figure 8.8 should be associated with the reduced CPR. This 
difference is shown in figure 8.9 and is compared to the RA spectrum of oxidised 
CPR produced following the subtraction of the RAS of Au(110) at 0.056 V from the 
RAS of Au(110) + CPR at 0.056 V. 
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Figure 8.9: RA spectral differences of CPR at 0.056 V (blue line) produced 
following the subtraction of the RAS of clean Au(110) at 0.056 V from the RAS of 
Au(110) + CPR at 0.056 V and the RA spectral difference between the spectra in 
figure 8.8 (pink line) which can be attributed to the RAS of CPR at -0.652 V.  
 
 The RA spectra shown in figure 8.9 can be considered the RA spectra of 
oxidised and reduced CPR adsorbed on the anion induced (11) Au(110) surface. 
The RA spectral profiles are fairly similar. However there are clear differences in 
the intensities of the two spectra and the intensity of the feature at ~ 2.8 eV, which 
decreases significantly upon oxidation. This change is not in agreement with the 
absorption spectra of the oxidised and reduced forms of CPR in solution, shown in 
figure 8.6 [10]. The absorbance spectra produced by Brenner et al. [10] showed an 
increase in intensity in this region following the oxidation of CPR, opposite to that 
observed in the data in figure 8.9 
The difference between the RAS data produced after the adsorption of CPR 
at -0.652 V and at 0.056 V may be associated with the extent to which the 
adsorption of CPR prevents the Au(110) substrate from reconstructing. There is 
strong evidence to suggest that the adsorption of CPR at -0.652 V freezes the 
Au(110) surface in the (13) reconstruction. However this effect is not as strong 
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when observed following the adsorption of CPR at 0.056 V. It is possible that the 
differences between the interaction of CPR molecules with the Au(110) surface at 
the two potentials of -0.652 V and 0.056 V revealed by RAS arise from the presence 
of anions on the Au(110) surface at 0.056 V. This could impede the adsorption of 
CPR and disrupt the formation of an ordered monolayer of CPR at 0.056 V. The 
difference in the Au(110) surface structures at the two potentials may also cause the 
CPR molecules to adsorb in a different order or orientation. It is also the case that 
since CPR is expected to adopt a more compact structure upon oxidation at 0.056 V, 
this may also effect the adsorption of CPR onto the Au(110) surface at 0.056 V. It is 
possible to conclude that the difference in surface structure, the adsorption of anions 
and the change in redox state of CPR molecules have a significant influence on the 
adsorption of CPR.  
 
8.3 P499C Full Length CPR Adsorbed onto the Roughened 
Au(110) Surface 
  
This section reports the results obtained by the adsorption of a monolayer of P499C 
full length CPR on to a roughened Au(110) surface. The roughening of the Au(110) 
surface is expected to prevent the surface from reconstructing as the potential is 
varied. 
It has been shown in earlier work by Martin et al [11] that a clean ordered 
Au(110) (12) surface can be roughened by increasing sequences of Ar ion 
bombardment. This roughening of the Au(110) surface saw the loss of (12) 
surface structure and the long range periodic order. The resultant Au(110) surface 
was considered to consist of a mixed surface structure. It is expected that continually 
stepping the applied potential between -0.652 V and 0.056 V over a long time scale 
would result in the formation of a mixed Au(110) surface structure. This mixed 
surface structure is not expected to reconstruct as a function of the applied potential, 
therefore minimising the changes in RAS contribution of Au(110) as a function of 
applied potential. 
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Figure 8.10: RA spectra of Au(110) 0.1 M NaH2PO4/K2HPO4 pH 7.2 produced at 
0.056 V (pink line), -0.376 V (green line), -0.465 V (turquoise line), -0.557 V (red 
line) and -0.652V (blue line) vs SCE after stepping between 0.056 V and -0.652 V 
repeatedly for a) 24 hours b) 48 hours and c) 72 hours.  
 
The RA spectra in figure 8.10 demonstrate how repeatedly stepping the 
applied potential between -0.652 V and 0.056 V changes the RA spectra of clean 
Au(110) as a function of the applied potential. The differences between the RA 
spectra of Au(110) at each potential were reduced significantly as a function of 
stepping the applied potential. The RA spectra in figure 8.10 c) shows that changing 
the applied potential had very little effect on the RA spectral shape, and the RA 
spectra of Au(110) produced at 0.056 V and -0.652 V have an almost identical 
shape. This suggests that changing the applied potential does not induce a surface 
reconstruction of the roughened Au(110) surface. 
After the surface was roughened and almost identical RA spectra of the 
Au(110) surface were produced at each potential, P499C full length CPR was added 
to the electrochemical cell under the conditions established for the adsorption of a 
monolayer of CPR onto the Au(110) surface. The RA spectra produced after the 
addition of CPR are almost identical to the RA spectra of the clean roughened 
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Au(110) as shown in figure 8.11. The characteristic 2.54 eV peak associated with 
the Au-S bond and other spectral features associated with the adsorption of a 
monolayer of CPR were not observed. This indicates that CPR does not adsorb onto 
the roughened Au(110) surface, which would suggest that an ordered substrate is 
required for the adsorption of an ordered monolayer of CPR.  
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Figure 8.11: RA spectra of clean roughened Au(110) surface at -0.652 V (pink line) 
and after the addition of P499C full length CPR at -0.652 V (blue line).  
 
It has been shown that by stepping the applied potential it is possible to 
produce a Au(110) surface that does not reconstruct as a function of the applied 
potential. The variant P499C full length CPR does not adsorb in an ordered 
monolayer on the roughened surface. These results confirm that the substrate 
influences the adsorption of an ordered monolayer and are consistent with the 
autocorrelation analysis [12] of the AFM images of CPR adsorbed on 
polycrystalline Au discussed in chapter 5. 
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8.3.1 Preliminary Investigation of the Oxidation of Full 
Length CPR with NADP
+
 
 
The function of CPR is to transfer electrons from electron donors onto cytochrome 
P450 enzymes via the FAD and FMN domains [13]. CPR catalyses the oxidation of 
nicotinamide adenine phosphate dinucleotide (NADPH), a natural 2 electron donor, 
to form NADP
+
. The reversibility of this process was demonstrated by a recent 
stopped-flow kinetic study [14] where the reverse electron transfer from the isolated 
two electron reduced FAD domain to NADP
+
 was studied. The oxidation of the 
isolated FAD domain by NADP
+
 provides a technique which is expected to induce a 
conformational change in adsorbed CPR molecules without the need to change the 
applied electrode potential. Therefore oxidation of reduced CPR by the addition of 
NADP
+
 offers a possible solution to the interference of the Au(110) surface 
reconstructions observed in potential induced electron transfer processes in CPR 
adsorbed on the Au(110) surface. The work discussed in this section explores the 
use of NADP
+
 to induce conformational change in reduced CPR molecules adsorbed 
on the Au(110) surface.  
 Prior to the addition of NADP
+
, a monolayer of P499C full length CPR was 
adsorbed onto the Au(110) surface at -0.652 V. The resultant RA spectrum after the 
adsorption of a monolayer of P499C full length CPR is shown in figure 8.12 and is 
consistent with the RA spectral signature of a monolayer of CPR on Au(110) at 
-0.652 V.  
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Figure 8.12: RA spectrum of Au(110) + a monolayer of P499C full length CPR at 
-0.652 V vs SCE. 
 
 The adsorption of P499C full length CPR molecules at -0.652 V is expected 
to induce a fully reduced state in the adsorbed CPR molecules. In this state CPR is 
expected to adopt an open conformation. The applied electrode potential was held at 
-0.652 V while NADP
+
 solution was added to the electrochemical cell. The ratio of 
CPR to NADP
+
 concentration was 1:3, which was expected to be sufficient for the 
oxidation of the adsorbed CPR molecules. The RAS intensity was monitored at 
2.7 eV as a function of time after the addition of NADP
+
 to the electrochemical cell, 
which is shown in figure 8.13. 
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Figure 8.13: RAS intensity at 2.7 eV of Au(110) + a monolayer of P499C full length 
CPR  monitored as a function of time after the addition of NADP
+
 at -0.652 V. 
 
 The addition of NADP
+
 caused a steady positive increase in the RAS 
intensity at 2.7 eV over a 2 hour period, as shown in figure 8.13. This slow steady 
change in RAS intensity could be associated with the oxidation of the adsorbed CPR 
molecules. The oxidation of the adsorbed CPR molecules is expected to induce a 
change in conformation of CPR [6-9], so monitoring the change in RAS intensity at 
2.7 eV as a function of time after the addition of NADP
+
 may reveal information on 
conformational events in CPR involving the isoalloxazine rings [15-19]. The slow 
steady change in RAS intensity observed at 2.7 eV (figure 8.13) could be a signal of 
a change in conformation in the adsorbed CPR molecules. 
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Figure 8.14: RA spectra of Au(110) + P499C full length CPR before the addition of 
NADP
+
 (red line) and after the addition of NADP
+
 (blue line) all recorded at 
-0.652 V vs SCE. 
 
 RA spectra produced before and after the addition of NADP
+
 at -0.652 V are 
shown in figure 8.14, both spectra follow a very similar shape however a slight 
change in intensity at certain energies was observed. Below 2.5 eV the intensity 
shifted in the negative direction, whereas between 2.5 eV and 4.0 eV the intensity 
increased in the positive direction after the addition of NADP
+
. These shifts in 
intensity can be more clearly observed by subtracting the RAS of Au(110) + CPR 
(red line figure 8.14) from the RAS of Au(110) + CPR produced after the addition of 
NADP
+
 (blue line figure 8.14)  This subtraction is shown in figure 8.15. If the 
addition of NADP
+
 causes the oxidation of the adsorbed CPR molecules then the 
difference spectrum in figure 8.15 could be attributed to the different RAS response 
between the reduced and oxidised adsorbed CPR.  
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Figure 8.15: RA spectrum produced following the subtraction of the RAS Au(110) + 
full length CPR from the RAS of Au(110) + full length CPR after the addition of 
NADP
+
 at -0.652 V.  
 
 The results of the subtraction shown in figure 8.15 show the effect of 
NADP+ on the RAS of Au(110) + CPR at -0.652 V. The changes in intensity are 
expected to illustrate how the oxidation of adsorbed CPR molecules induces changes 
in the RA spectrum. A similar change in intensity was observed between absorption 
spectra produced from reduced and oxidised CPR in solution in earlier stopped-flow 
experiments [10], the results of which have been described earlier in this thesis. The 
absorption spectra produced in these stopped-flow experiments [10] are shown in 
figure 8.16 along with the difference between the oxidised and reduced absorption 
spectra in each case. These differences are compared directly with the RAS 
difference spectrum from figure 8.15 (figure 8.17). 
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Figure 8.16: Anaerobic stopped-flow diode array data produced by a) mixing a 
20-fold excess of NADPH and b) stoichiometric amounts of NADPH with oxidised 
CPR in pH 7.0 showing the Oxidised CPR (green line) and reduced CPR (red line) 
spectra. The differences between oxidised CPR and reduced CPR produced after c) 
mixing a 20-fold excess of NADPH and d) stoichiometric amounts of NADPH with 
oxidised CPR in pH 7.0. Reproduced from [10] 
 
 The spectra in figure 8.17 are plotted as a function of energy with the RAS 
data plotted against the left y-axis and the absorbance spectra reproduced from the 
stopped-flow experiments by Brenner et al. [10] plotted against the right  y axis. All 
three spectra are relatively flat below ~ 2.3 eV with a large positive peak observed at 
~ 2.7 eV in both absorption spectra, with a second smaller positive peak observed at 
~ 3.3 eV in the absorption difference produced after mixing stoichiometric amounts 
of NADPH with oxidised CPR. These positive features in the absorption spectra are 
in a similar region to the wide positive peak observed in the RAS difference 
spectrum, which is observed between ~ 2.7 eV and ~ 3.4 eV before it slowly 
decreases in intensity at higher energies as shown in figure 8.17. 
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Figure 8.17: Comparison of the difference in absorbance spectra produced from 
oxidised and reduced CPR (dark blue and turquoise line) right y-axis, reproduced 
from [10] and changes in RA spectral shape as a result of mixing NADP
+
 with 
reduced CPR (red line) left y-axis. 
 
The observed similarities between the spectral features in figure 8.17 
suggests that the RA spectral changes observed after the addition of NADP
+
 may be 
attributed to the oxidation of the adsorbed CPR molecules on the Au(110) surface. 
This indicates that the adsorbed CPR molecules are in a functional state and changes 
in their redox state are detectable in the RAS. The difference between the two 
spectra in figure 8.14 could demonstrate that the oxidation of the adsorbed CPR 
molecules only induces a very small change in the RA spectrum, which is consistent 
with the adsorbed CPR having only a weak contribution in the RAS of Au(110) + 
CPR, which was discussed in chapter 6. The relative size of this difference in 
spectral shape (figure 8.13 and 8.14) highlights the difficulty in observing this as 
function of applied potential, as the work in this chapter has also shown that the 
interaction between the adsorbed CPR and Au(110) surface as a function of applied 
potential is complicated and changes in the Au(110) surface structure after the 
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adsorption of CPR may contribute to the observed change in RAS intensity as a 
function of applied potential. 
Further experimental work is needed before these features can be attributed 
to the change in redox state of the adsorbed CPR molecules. Firstly it is not clear 
whether the addition of NADP
+
 induces changes in the RAS as a result of NADP
+
 
adsorbing onto areas of the exposed Au(110) surface, and secondly the work of 
Gutierrez [14] used NADP
+
 to oxidise reduced isolated FAD in stopped-flow 
experiments, not the full length version of CPR.  
 
8.4 Summary 
 
The idea that the adsorption of P499C full length CPR onto the Au(110) surface 
impedes the Au(110) surface reconstructions from the (13) to the anion induced 
(11) has been explored in this chapter. RA spectra of the Au(110) surface at redox 
potentials of -0.652 V, -0.557 V, -0.465 V, -0.376 V and 0.056 V after the 
adsorption of full length CPR, suggests that the Au(110) substrate may not full 
reconstruct from the (13) to the anion induced (11) over this potential range. 
Further analysis allowed the RA spectra which may be associated with the oxidised 
and reduced form of the adsorbed CPR molecules to be produced. These spectra 
were in some agreement with the oxidised and reduced absorption spectra of CPR in 
solution, produced in earlier stopped-flow experiments [10]. 
 The work in this chapter also demonstrated that the adsorption of CPR onto 
the Au(110) in an anion induced (11) structure produced different results. The 
adsorbed anions, the change in surface structure or the change in oxidation state of 
the adsorbed CPR molecules may all be associated with the difference in behaviour 
observed after the adsorption of CPR onto the Au(110) anion induced (11) 
surface.  
 The addition of NADP
+
 induced a small change in the RAS of Au(110) + 
CPR between 2.5 eV and 3.5 eV. The change in RA spectral shape as a result of the 
addition of NADP
+
 was compared to the difference between absorbance spectra of 
oxidised and reduced CPR in solution. There were some similarities in this 
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comparison which suggests that the change in the RA spectral shape is associated 
with the oxidation of the adsorbed CPR molecules, however these similarities did 
not provide conclusive evidence of a change in conformation in the adsorbed 
molecules. 
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Chapter 9 
 
 
Conclusions 
 
 
This chapter aims to bring together the work carried out in this thesis and conclude 
on the findings. The chapter will also discuss possible future work which could 
continue this research.  
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9.1 Conclusions 
 
There are very few ways of investigating conformational change in cytochrome P50 
reductase (CPR) as a function of electron transfer processes. In the work reported in 
this thesis I explored the possibility of adsorbing an important protein in an ordered 
arrangement on the Au(110)/liquid interface with a view to exploit the established 
potential of RAS to monitor conformational change of molecules adsorbed at this 
interface in real time. 
 The major impediment to the objectives of the research programme was the 
difficulty of establishing the conditions under which an ordered monolayer of 
protein formed on the surface. As a result of this difficulty a considerable number of 
experiments were performed on what was eventually discovered to be multilayers of 
adsorbed protein. This considerably delayed the project. However once this problem 
was clarified it was possible to establish the conditions necessary to produce a 
monolayer of protein adsorbed at the Au(110)/liquid interface: these conditions were 
found to be quite precise. This is a significant achievement reported in this thesis.  
 Once the monolayer was established it was possible to make a number of 
important observations. Monitoring the RAS intensity and the azimuthal angle 
between the plane of polarisation of the incident light and the crystal axis of the 
surface allowed the orientation of the adsorbed protein molecules to be established. 
As found in similar studies of small molecules, the relationship between the 
behaviour of the adsorbed protein and the Au(110) substrate as the applied potential 
was varied showed that the presence of the adsorbed molecules significantly 
impedes the kinetic freedom of the substrate. 
In conclusion it is still an open question as to whether the results of the 
experiments discussed in this thesis demonstrate the observation of conformational 
change in the protein in real time using RAS. However what has been established in 
this thesis are the conditions in which this important question can be resolved in 
further work. 
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9.2 Future Work 
 
As far as I am aware the work reported in this thesis is the first RAS investigation of 
its kind where a large protein has been adsorbed on the Au(110) surface with the 
goal of monitoring conformational events associated with electron transfer 
processes. Although the work has made significant progress in understanding the 
adsorption of CPR onto the Au surface, it has been difficult to observe 
conformational events in the CPR as a result of electron transfer processes. One 
possible reason for this difficulty is due to the weak RAS contribution from the 
adsorbed CPR, especially in the region in which the isoalloxazine rings are expected 
to contribute. It has been discussed that this weak contribution may be associated 
with the orientation of the adsorbed CPR molecules on the surface. Therefore it 
maybe necessary to change the orientation of the adsorbed molecules on the Au 
surface in order to increase the RAS signal from CPR.  
 The position of the engineered mutant cysteine molecules which are 
expected to be involved in the adsorption process may influence the orientation of 
the adsorbed CPR molecules on the Au(110) surface. Thus by changing the position 
of the mutant cysteine it could be expected that the protein will be adsorbed in a 
different orientation. Several other potential positions for the mutant cysteine 
molecule have been identified. Some of these positions are only slightly different to 
the position used throughout the work described in this thesis. However they may 
increase the RAS signal arising from dipole transitions in the isoalloxazine rings. 
The various possible positions of the mutant cysteine molecules are shown below in 
figure 9.1. As well as a change in the position of the cysteine it is also possible that 
the introduction of 3 separate cysteine molecules in various positions could result in 
the formation of a tripod of Au-S bonds. This is not only expected to provide a more 
stable platform for the adsorbed molecules but may further impede Au(110) surface 
reconstructions as a function of the applied electrode potential. 
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Figure 9.1: Molecular graphics ribbon diagram representation for the structure of 
cytochrome P450 reductase with possible positions of mutant cysteine molecules. 
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 Another area of research which may add information is electrochemical 
QCM-D. This would allow potential control of the Au substrate and therefore allow 
electron transfer processes to be induced whilst monitoring the frequency and 
dissipation of the crystal using the QCM-D instrument. QCM-D proved to be very 
useful in determining the layer thickness of the adsorbed CPR molecules in the work 
presented in this thesis. The sensitivity and accuracy of QCM-D could be exploited 
to monitor changes in CPR conformation, specifically it would be expected that a 
conformational change from an open flexible CPR structure to a more compact one 
would be observed in the measured dissipation. The change in conformation could 
also be induced with the addition of NADP
+
, which, as well as the dissipative 
changes, may also induce a change in the measured resonant frequency due to 
change in mass of the adsorbed CPR as a result of the binding of NADP
+
.  
 CPR is naturally reduced by the electron transfer from NADPH, however 
this was not analysed with RAS in this work as it requires an anaerobic enviroment. 
This maybe possible to achieve but would require a glove box to be assembled 
around the RAS kit, which must not obscure the path of the light onto the Au(110) 
surface. This is likely to be difficult to assemble and may not provide further 
information on the dynamic behaviour of CPR, unless the RAS signal from CPR can 
also be increased. 
 The thesis reports some analysis of the orientation of the adsorbed CPR 
molecules on the Au(110) surface. It may be advantageous to support this analysis 
with AFM images of the Au(110) surface after the adsorption of a monolayer of 
CPR. 
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